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A novel  technique  called  spark-processing  has  been  developed  which  yields  intense 
room  temperature  photoluminescing  Si.  The  optimization,  characterization,  and  origin  of 
photoluminescence  from  this  substance  has  been  studied  in  this  dissertation. 

The  characteristics  of  spark-processed  silicon  (sp-Si)  are  in  many  aspects  similar  to 
those  observed  for  porous  silicon.  However,  several  technologically  significant  differences 
between  spark-processed  silicon  and  porous  silicon  exist.  During  our  investigations  it  was 
discovered  that  the  conditions  under  which  the  spark  processing  was  conducted  had  a 
substantial  influence  on  the  optical  properties  (color,  photoluminescence  (PL)  intensity, 
etc)  of  sp-Si.  By  making  use  of  these  results,  a particular  type  of  material  was  developed 
which  photoluminesccs  in  the  blue/violct  spectral  region  (410nm).  The  PL  intensity  from 


and  is  about  three  orders  of  magnitude  better  than  that  of  rapid  thermal  annealed  (blue 
luminescing)  porous  silicon.  Moreover,  the  stability  of  sp-Si  towards  degradation  upon 
UV  radiation  was  found  to  be  extremely  high  (in  contrast  to  porous  silicon,  whose  PL 
intensity  decreases  under  these  conditions  within  five  minutes  to  5%  of  its  original  value). 
Finally,  the  response  time  of  sp-Si  was  found  to  be  in  the  ns  range. 

For  preparation  of  sp-Si,  a unipolar  direct  current  pulse  is  generally  applied 
between  a tungsten  tip  (anode)  and  a silicon  wafer  (cathode)  utilizing  a pulse  length  of 
0.02  its  which  is  repeated  every  60/rs.  The  main  breakthrough,  which  yields  most  of  the 
above  properties,  was  accomplished  by  blowing  air  onto  the  silicon  during  spark- 
processing. If  no  air  is  blown  onto  the  Si,  green  PL  is  observed,  with  an  intensity  which  is 
one  order  of  magnitude  weaker  than  that  of  the  blue/violet  PL.  The  PL  intensity  of  green 

1000°C.  It  is  anticipated  that  a wide  range  of  colors  can  be  achieved  by  varying  the 
preparation  conditions. 

Photoluminescence  from  spark-processed  material  is  not  restricted  to  Si.  We 
found  that  many  semiconductors  (e  g..  Si,  Ge,  GaAs,  SiC)  show  PL  in  the  visible  spectral 


CHAPTER  1 
INTRODUCTION 

1,1  Introduction 

Over  the  past  decades,  silicon  has  been  the  basic  material  in  microelectronics.  The  use 
of  silicon  for  optoelectronic  devices  compatible  with  silicon  technology  has  been  an  important 
challenge  during  the  last  decade.  However,  undoped  crystalline  Si  (c-Si),  with  its  indirect 
bandgap,  shows  only  weak  luminescence  in  the  infrared  region.  Therefore  the  development 
of  optoelectronics  has  been  dominated  by  m-V  compound  semiconductors  due  to  the  variety 
of  availability  of  direct  bandgap  materials.  Nevertheless,  semiconductor  material  research 
has,  for  decades,  tried  for  the  realization  of  an  efficient  Si  light  emitting  diode  (LED).  Such 
a device  would  enable  optoelectronic  circuitry  to  be  based  completely  on  silicon.  Although 
this  concept  has  proved  evasive,  the  1 990s  have  created  great  new  interest  and  optimism  in 
the  development  of  such  devices  for  the  visible  and  near  infrared  range  since  the  discovery 
of  room  temperature  visible  phololuminescence  (PL)  from  porous  silicon  (PS)  by  Canham 
[Can90J. 

Porous  silicon  was  discovered  by  Uhlir  [UhI56],  It  forms  during  anodic  etching  of 
silicon  wafers  in  a diluted  HF  solution  at  voltages  well  below  the  values  used  for 
micropolishing.  Porous  silicon  is  ofien  characterized  by  an  array  of  free  standing  crystalline 
silicon  columns  (about  2~50  nm  in  diameter),  and  a large  surface  to  volume  ratio.  Pore  size 


gained  popularity  in  the  seventies  and  eighties  for  use  in  silicon-on-insulator  (SOI)  technology 
[lmnS4,  Yon87,  Tsa89]  since  the  porous  structure  leads  to  a very  large  surface  area.  This 
large  surface  area  allows  tor  rapid  oxidation  and  can  be  used  for  trench  isolation.  However, 
one  of  the  most  interesting  aspects  of  porous  silicon  is  a high  efficiency  room  temperature 

to  2.1  eV  -I  .SSeV.  Using  a post-treatment  of  light-emitting  porous  Si  in  purified  boiling 
water,  blue-green  band  luminescence  is  reported  from  porous  silicon  [Hou93,  Wan93a).  This 
increase  of  bandgap  and  high  efficiency  room  temperature  luminescence  is  obviously 
incompatible  with  the  indirect  bandgap  (l,12eV)  ofbulk  crystalline  silicon.  Fig.  1.1  shows 
luminescence  spectra  for  various  silicon-based  samples  which  were  taken  under  identical 
experimental  conditions  by  Stutzmann  et  al.  [Stu92].  The  luminescence  from  crystalline 
silicon  (bottom  curve)  is  essentially  nonexistent.  Defect  luminescence  such  as  that  found  in 
hydrogenated  amorphous  silicon  (a-Si:H),  microcrystalline  silicon  with  hydrogen  passivated 
grain  boundaries  ( /io  SiH) , or  related  compounds  with  a larger  bandgap  (a-Si;0:H)  exhibits 
a broad  spectrum  in  the  near  infrared,  which  is  about  10-100  times  more  intense  than  that  of 
crystalline  Si.  However,  the  luminescence  of  porous  silicon  which  occurs  in  the  visible  range 
of  the  spectrum  is  three  or  four  orders  of  magnitude  larger  than  that  of  defect  luminescence, 
approaching  quantum  efficiencies  of  about  10%.  Numerous  researchers  have  focused  on  the 
physical  mechanisms  oflumincscence  as  well  as  dealing  with  the  porous  silicon  formation 
mechanism  [Bea85b,  Fol91,  Sea 


a90,  Smi92] , morphology  [Bom83,  Bca85a,  Una78,  Barl84, 


Fig.  1 . 1 Comparison  of  the  photoluminescence  spectra  of  various  silicon-based 
materials  at  300K. 


Sug90,  Zha89,  Leh91,  Sea91),  degradalion  ( Tis92,  Col92a,  Nis92a,  Koc92,  Chi92,  Can91, 
Mau93],  and  method  of  fabrication  of  pertinent  structures  [ Uhl56,  Bar84] 

Thin  layers  of  porous  silicon  are  generally  obtained  by  anodic  etching  of  Si  in 
hydrofluoric  acid  or  by  unbiased  etching  of  Si  in  oxidizing  solution  ofHF  (stain  etching) 
[Sar92,  Fal92],  The  advantages  of  anodic  etching  to  fabricate  light  emitting  porous  structures 
from  silicon  are  that  it  is  a relatively  simple  and  inexpensive  technique  and  it  can  easily  be 
integrated  with  existing  silicon  technology.  However,  a few  of  the  many  drawbacks  of  etching 
techniques  arc  hydrogen  termination  of  the  surface,  which  is  believed  to  be  related  to 
degradation  of  luminescence,  toxic  chemical  involvement  and  difficulty  to  obtain  efficient 
blue  and  green  luminescence. 

Several  mechanisms  for  the  interpretation  of  photoluminescence  in  porous  silicon 
have  been  proposed.  Some  of  the  mechanisms  suggest  chemical  involvement  during  porous 
silicon  formation  such  as  molecular  chemisorption  and  subsequent  luminescence, 
luminescence  from  siloxene,  SiH,  related  luminescence,  and  surface  defect  luminescence  from 
hydrogenated  silicon  clusters. 

Recently,  a novel  technique  to  prepare  room-temperature  photolumincscing  silicon 
in  the  visible  region  by  utilizing  a completely  different  technique  has  been  developed  by  us 
for  the  first  time  [Hum92,  Hum93a,  Hum93b,  Lud94,  Hum94a,  Hum94b]  and  reproduced  by 
others  [Rut93,  Rut94,  Ste93],  The  present  dissertation  reports  on  a systematic  study  of 
photoluminescing  Si  prepared  by  this  novel  dry  process.  The  optimization,  characterization 
and  understanding  of  the  resulting  substances  will  be  discussed.  From  the  experimental 
results  thus  obtained,  an  understanding  of  the  origin  of  efficient  luminescence  is  attempted. 


: Organization  pfthe  Dissertation 


presents  the  purpose  of  this  research  work.  Chapter  2 describes  the  general  background 
behind  this  dissertation.  It  includes  that  the  band  structure  of  some  semiconductor  such  as  Si, 
Ge  and  GaAs,  bulk  crystalline  Si  luminescence,  and  porous  silicon  formation.  Chapter  2 also 
presents  various  proposed  mechanisms  for  luminescence,  such  as  purely  chemical  compound- 
related  luminescence,  quantum  confinement,  and  a hybrid  model  (which  combine  more  than 

reviewed.  Chapter  3 provides  the  experimental  procedure  for  preparing  luminescing  silicon 
by  our  novel  technique,  i.e  , by  spark  processing  The  characterization  techniques  which  were 
used  to  study  sp-  Si  will  also  be  addressed.  Chapter  4 reports  the  experimental  results 
obtained  in  the  present  study  such  as  photoluminescencc.  characterization  of  sp-Si  including 
microstiuctural  studies  (by  SEM,  TEM,  AFM  and  XRD)  and  compositional  studies  (by  XPS, 
FTIR,  Raman,  and  SIMS).  The  photoluminescence  study  of  Si-  oxide  related  material  and 
other  sp-  semiconductors  such  as  Ge,  GaAs.  and  SiC  will  be  also  provided.  Chapter  5 
discusses  these  results,  compares  properties  with  anodically  etched  porous  silicon,  and  put 
them  into  context  with  existing  models,  Specifically,  the  possible  origin  of  luminescence  from 
sp-  Si  will  be  described.  The  future  work  will  be  also  suggested.  Chapter  6 summarizes  the 
major  conclusion  of  this  study. 


CHAPTER  2 
POROUS  SILICON 

2,1  Band  Slniciure  of  Si.  Ge  and  GaAs 

A brief  review  of  band  structures  of  semiconductor  material  such  as  Si,  Ge  and  GaAs 
is  necessary  because  they  give  an  understanding  of  direct  and  indirect  band  gap  and  also 
effective  mass.  The  band  structure  of  a crystalline  solid  ,i.e.,  energy-momentum  relationship, 
is  usually  obtained  by  solving  the  Schrbdinger  wave  equation.  Fig.  2. 1 shows  the  result  of  the 
recent  studies  of  the  energy  band  structure  of  Ge,  Si,  and  GaAs,  The  distance  between  the 

band  gap  (eg.  GaAs)  and  indirect  bandgap  materials  (eg.  Si  and  Ge).  Another  important 
consideration  for  a semiconductor  is  the  effective  mass.  The  effective  mass  is  defined  as  m*= 
h!  (d'E/dk1)'1  where  h is  reduced  Plank  constant.  The  difference  in  the  valence  band  is  minimal 
between  Si,  Ge  and  GaAs.  For  these  materials,  the  highest  valence  band  is  located  at  the  T 
symmetry  point  (Zone  center).  However , conduction  band  minima  arc  need  to  be  discussed 
in  more  detail.  Fig.2.2  shows  the  shapes  of  constant  energy  surfaces  in  Ge,  Si  and  GaAs. 

axisof±(0, 0, 0.85)2n/a„ , ±(0, 0.85, 0)2rt/a„,  and  ±(0.85, 0, 0)2n/a„  where  a„isa  lattice 
constant.  These  minima  are  ellipsoidal  with  a transverse  mass  of  m,=0. 1 9m„  and  a longitudinal 


Fig.  2. 1 Energy  band  structure  of  Ge,  Si,  and  GaAs,  where  Eg  is  the  energy  bandgap.  Plus 
signs  indicate  holes  in  the  valence  band  and  minus  signs  indicate  electron  in  the 
conduction  band. 


Fig.  2.2  Shapes  of  constant  energy  surfaces  in  Ge,  Si,  and  GaAs.  For  Gc  there  are 

eight  half-ellipsoids  of  revolution  along  the  <11 1>  axis,  For  Si  there  are  eight 
ellipsoids  along  < 1 00>  axis  with  the  centers  of  the  ellipsoids  located  at  about 
three-fourths  of  the  distance  from  the  Brillouin  zone  center. 


mass  of  m1=0.92mo. 

For  Ge,  there  are  eight  half  ellipsoids  along  the  <1 1 1>  axis . and  constant  energy 
surfaces  are  centered  about  the  L symmetry  point 

However,  the  constant  energy  surface  of  GaAs  is  a sphere  at  the  zone  center  for  the 
conduction  band.  Therefore  GaAs  has  a direct  bandgap  of  I .42eV. 

2.2  Luminescence  of  Bulk  Crystalline  Si 

Semiconductors  can  be  excited  to  emit  light  in  a variety  of  ways,  but  in  each  case  a 
high  concentration  of  electron-hole  pairs  must  be  generated.  Its  efficiency  is  determined  by 
its  band  structure,  in  particular,  whether  its  bandgap  is  direct  or  indirect.  As  discussed  earlier, 
bulk  silicon  has  an  indirect  bandgap  of  1.12eV  at  room  temperature.  In  crystalline  solids, 
optical  transitions  in  k space  utilize  phonons  to  conserve  momentum.  Fig.  2.3  shows  a typical 
indirect  transition  in  silicon,  involving  a phonon-assisted  process  and  direct  process  such  as 
in  GaAs.  If  the  transition  is  indirect,  then  in  order  to  conserve  momentum,  the  electron  and 
hole  must  interact  with  phonons  to  recombine.  This  three  particle  process  is  a slow  process 
(r-ms)  and  is  inefficient.  However,  if  the  process  is  direct  (eg.  GaAs),  then  the  electron  and 
hole  radiative  recombination  is  last  (x=ns)  and  is  efficient. 

The  luminescent  properties  of  bulk  crystalline  Si  were  investigated  by  numerous 
researchers  many  decades  ago.  In  the  1950s,  weak  band  to  band  emission  was  observed  in  the 
near  infrared  from  silicon  when  illuminated  with  visible  light , or  forward-biased  Si  diode  by 
Haynes  et  al.  [Hay52].  Quantum  efficiency  is  usually  in  the  I0*?  to  10's  range  at  room 
temperature  under  optical  or  electrical  excitation  due  to  the  indirect  bandstructure  of 
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Fig.  2.3  Schematic  representation 


absorption  process  in 


crystalline  Si.  Low  temperatures  (77K)  improve  the  quantum  efficiency  by  only  a factor  of 
approximately  5.  Extremely  broad  (while)  electroluminescence  is  observed  from  a p-n  diode 
when  operated  in  breakdown  mode  at  high  reverse  bias  voltages.  Still,  the  external  quantum 
efficiency,  q,  is  well  below  10'5  [NewS5].  The  origin  of  this  luminescence  is  still  not  well 
understood. 

The  problem  of  weak  luminescence  in  indirect  gap  semiconductors  can  be  overcome 
if  the  momentum  conservation  requirement  is  relaxed.  This  occurs  naturally  at  grain 
boundaries,  line  defects,  structural  defects,  as  well  as  in  amorphous  semiconductors  where 
long  range  order  is  not  present.  In  order  to  increase  the  luminescence  efficiency  from  bulk 
crystalline  Si,  several  attempts  have  been  made  to  overcome  this  such  as  providing 
isoelectronic  centers,  doping  of  rare  earth  materials,  and  growing  Si11Gc,  superlattices  and 
quantum  wells.  The  basic  idea  of  incorporating  isoelectronic  centers  in  crystalline  Si  is  to 
introduce  optically  active  centers.  Such  centers  can  trap  mobile  carriers,  while  carriers  are 
localized  around  the  center,  thereby  relaxing  momentum  conservation  rules.  Alternatively,  the 
periodicity  can  be  artificially  destroyed  by  intentionally  growing  quantum  wells  and 
superlattices.  Formation  of  Si^Ge^  superlattices  from  silicon  and  germanium  have  been 
attempted  to  create  a quasi-direct  gap  material  [Gnu74],  Even  though  these  types  of 
approaches  show  an  improvement  in  efficiency  (10‘2  - 10°)  at  low  temperature,  a major 
problem  to  be  overcome  is  the  rapid  decrease  of  efficiency  at  room  temperature.  However, 
in  porous  silicon , the  material  removal  to  form  lines  or  dots  are  formed,  which  destroy  the 
periodicity  and  leads  to  a spatial  confinement  of  electrons  and  holes  inside  of  nanocrystals  and 


i efficient  room  temperature  visible  PL. 


2.3  Formation  of  Porous  Silicon 


The  formation  of  porous  silicon  is  generally  achieved  by  electrochemical  etching  in 
dilute  hydrofluoric  acid,  where  the  silicon  wafer  is  used  as  anode  and  Pt  as  a counter- 
electrode. A schematic  of  the  experimental  setup  for  the  fabrication  of  porous  silicon  is  given 
in  Fig.2.4. 

According  to  a study  of  Smith  and  Collins  [Smi92],  it  is  found  that  both  n-  and  p-type 
Si  materials  are  stable  and  no  porous  layer  is  formed  under  cathodic  polarization.  It  is 
suggested  that  silicon  atom  dissolution  is  only  possible  in  the  presence  of  holes.  Therefore, 
it  is  easy  to  form  porous  silicon  from  p-type  silicon;  however,  for  the  case  of  n-type  silicon 
additional  hole  generation  is  necessary.  This  is  achieved  by  light  illumination  during  anodic 
etching. 

An  effective  surface  passivation  by  H termination  of  silicon  dangling  bonds  can  be 
obtained  during  the  HF  etching  [Hig90,  Hua92].  The  dissolution  of  silicon  under  anodic 
etching  can  give  either  porous  layer  formation  or  electropolishing  depending  on  HF 
concentration,  dopant  concentration  and  anodic  potential.  A small  anodic  potential  favors 
porous  layer  formation.  However,  a large  anodic  potential  leads  to  electropolishing. 
According  to  Beale  et  al.  [Bea85a],  only  two  of  four  available  silicon  electrons  (holes) 
participate  in  a direct  charge  transfer  during  pore  formation,  while  all  four  silicon  electrons 
are  active  during  electropolishing.  Based  on  this  charge  transfer  observation,  the  dissolution 
mechanisms  to  form  porous  silicon  have  been  presented  by  Lehmann  and  GOsele  [LehOl]  in 
the  Fig,  2.5,  where  the  reaction  proceeds  to  a surface  bound  oxidation  scheme  with  hole 
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Fig.  2.4  Schematic  of  equipment  setup  for  anodization  to  prepare  porous  silicon. 
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Fig.  2.5  Proposed  dissolution  mechanism  of  silicon  electrodes  in  hydrofluoric  acid 
(HF)  associated  with  porous  silicon  formation 
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subsequent  electron  injection  to  produce  the  divalent  silicon  oxidation  state, 
terminated  as  Fig.  2.S  1-a,  and  as  long  as  holes  are  supplied  this  reaction  can  be  repeated. 

Photoluminescence  from  plain  chemically  etched  silicon  is  reported  [Sar92,  Fat92). 
However,  the  intensity  of  photoluminescence  spectra  from  porous  silicon  by  simple  chemical 
etching  is  somewhat  reduced  compared  to  that  of  anodically  etched  porous  silicon.  A simple 
etching  of  silicon  in  a solution  of  HNOj  in  HF,  NaNO,  in  HF  or  CrO,  in  HF  have  produced 
similar  porous  structures  as  anodic  etching  For  simplicity,  only  the  HF-HNO,  based  etching 
system  is  discussed  below.  The  reason  why  a porous  layer  will  form  by  chemical  etching  can 
be  understood  by  Turner’s  studies.[Tur60]  By  simple  chemical  etching,  luminescent  PS  can 
be  easily  fabricated  from  wafers  of  various  rcsitivitics,  doping  types,  and  sizes.  Chemical 
etching  of  semiconductors  can  be  considered  as  a localized  electrochemical  process  in  which 
the  reaction  is  started  chemically.  Microscopically,  local  anode  and  local  cathode  sites  are 
formed  on  the  etched  surface  with  local  cell  current  flowing  between  them.  Therefore,  a 
chemical  etching  mechanism  should  incorporate  a source  of  electrons  and  holes  in  order  to 
describe  the  charge  transfer  between  electrodes.  The  local  anode  reaction  consists  mainly  of 
the  dissolution  of  silicon,  while  the  cathode  reaction  is  a complicated  reduction  of  HNO„ 
which  causes  holes  to  be  injected  into  the  Si.  The  anode  and  cathode  sites  are  not  necessarily 
fixed  during  the  etching  process.  HN03  is  more  likely  to  attack  imperfect  sites  on  the 
crystalline  silicon  surface,  such  as  dislocations,  and  grain  boundaries,  thus  forming  a non- 
uniform  silicon  surface.  The  proposed  reactions  at  the  local  anode  and  local  cathode  sites,  as 
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well  as  the  overall  reaction  can  be  described  as  follows; 

Anode;  Si+2H,0  +nh’->SiO,+4H'+(4-n)c- 

Si0!+6HF-*HISiF6+2H,0  (1) 

Cathode;  HN0,-i-3H-->N0+2H!O4-3h-  (2) 

Overall;  3Si+4HNO,+ 1 8HF-»3H,SiF,+4NO+8H!Ot3(4-n)h'+3(4-n)e'  (3) 

where  n is  the  average  number  of  holes  required  to  dissociate  a Si  atom.  According  to  the 
above  reactions,  the  localized  region  where  HNO,  attacks  will  become  a local  cathode  and 
cause  hole  injection  into  Si  as  described  in  reaction  (2).  If  injected  holes  react  with  silicon,  the 
silicon  atom  will  be  dissolved  and  forms  SiO*  thereby  changing  the  original  local  cathode  site 
to  a local  anode  site.  Then  SiO,  subsequently  reacts  with  HF  to  form  water  soluble  H,SiF6, 
hence  the  result  is  etching  of  Si  at  the  local  anode.  The  product  of  the  reaction  at  the  local 
anode  H'  might  react  with  HNO,  and  start  a cathodic  reaction  at  the  same  site,  resulting  in 
a continuous  repetition  of  this  anodic*cathodic  reaction  cycle.  This  reaction  would  result  in 
non-preferential  etching  of  the  Si  wafer  (i.e.  polishing). 

However,  the  holes  that  were  produced  at  the  local  cathode  may  move  to  another  site 
or  recombine  with  free  electrons,  from  the  solution  before  the  holes  react  with  Si  at  the 
original  site.  In  this  case,  the  original  cathode  site  remains  a cathode  for  a longer  time,  and 
the  corresponding  local  anode  site  somewhere  on  the  surface  also  remains  as  an  anode, 
resulting  in  preferential  etching  at  the  localized  anode  site,  which  produces  the  PS. 

2,2. 3 Morphologies  of  porous  silicon 

Porous  silicon  morphologies  arc  usually  divided  into  four  basic  groups  such  as 


n(>lQcm),  p(>lC2cm),  n'(0. 1-0.01  0 cm)  and  p'(0. 1-0.01  Q cm).  For  p type  silicon  both 
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pore  diameter  and  interpore  spacings  are  extremely  small,  generally  between  I and  Snm,  with 
highly  interconnected  and  homogeneous  network  porosities  between  40  and  60%  [Bea85a, 
Bea8Sb,  Bom83,  Bom8S].  For  n type  silicon,  pore  diameters  are  considerably  larger  than  for 
p-type  silicon  and  show  a strong  tendency  to  form  straight  channels  [Mac92,  Smi92],  For 
n'  and  p*  silicon,  pore  morphologies  show  a similar  extensive  branching  with  10  nm  or  less 
pore  diameters  [Fri92,  Bea85a.  Bea85b,  Sug89,  Bom83,  Bom85,  Mac92,  Sea92], 

wafers  in  hydrofluonc  acid  solution,  porous  silicon  displays  a broad  band  luminescence  from 
near  infrared,  red,  green  and  blue  region  depending  on  such  parameters  as  preparation 
technique  and  post  treatment  of  samples  [Shi92,  Li92a,  Lee93.  Li92b.  Tsy94],  Contraiy  to 

possesses  a remarkable  PL  efficiency  (1-10%)  at  room  temperature,  The  exact  mechanism 
for  the  efficient  radiative  recombination  in  quantum  sized  c-Si  is  still  unclear  but  is  ascribed 


Due  to  its  vety  large  surface  area  and  the  above-mentioned  complicated  structure,  the 
mechanismfs)  of  the  observed  light  emission  is  the  most  controversial  issue  at  this  point.  The 
understanding  of  the  phenomenon  is  essential  for  the  further  development  and  application  of 
porous  silicon.  Several  mechanisms  for  interpretation  of  silicon  based  luminescence  have  been 


Several  mechanisms  for  interpretation  of  Si-based  photoluminescence  have  been 

(stemming  from  the  HF  electrolyte)  [Xu92,  Cot92],  luminescence  from  siloxene  [Stu92, 
Fuc93,  Bra92] , involvement  of  amorphous  silicon  [Pro92a,  Mot92,  Pic84,  Vas92,  Pro92b], 
SiH;  involvement  [Tis92,  Sar92,  Tsa91,  Tsa92],  the  presence  of  adsorbed  OH  groups 
[Tam94],  a quantum  wire  effect  (Can90,  Leh9l,  Shi92,  Nak92a),  three-dimensional  quantum 
confinement  of  nanosize  silicon  particles  sutrounded  by  SiO.  (Koc92,  Hal9l,  Bsi91],  and 

[Koc92],  luminescence  centers  at  the  nanocrystailine  Si/SiOj  interface  [Qin93]  and  oligosilane 
bridge  models  [Tak93|. 

give  a large  variation  in  experimental  result. 

.2,4,1  Molecular  chemisorption  related  luminescence 

Porous  silicon  possesses  a large  surface  area  of  -200 nrg'1  compared  to  0004m:g'' 
for  bulk  crystalline  material.  Therefore,  there  is  a great  possibility  of  incorporating  a variety 
of  chemicals  during  the  etching  process.  The  bonding  energies  for  possible  surface  chemical 
species  in  hydrofluoric  aqueous  solution  are  Si-F  (129  3Kcal/mol)>Si-0  (88.2Kcal/moI)>Si- 
H (70.4Kcal/mol)>Si-Si(42.4Kcal/mol).  This  shows  that  fluorine  adsorption  s 


should  be 
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prevalent  on  the  silicon  surface  because  it  is  the  most  thermodynamically  stable  bond. 

Xu  et  al.  [Xu92]  investigated  the  effect  of  different  gases  on  photolumincscenoe 

atmosphere  show  stable  luminescence.  However,  air  and  oxygen  atmosphere  exposed  samples 
show  rapid  decay  in  photoluminescence  intensity.  The  same  porous  silicon  samples  which  are 
stored  in  dark  in  an  oxygen  atmosphere  show  no  decay  of  photoluminescence.  They  attributed 
the  reduction  of  photoluminescencc  as  the  photochemical  reaction  at  the  surface.  Therefore, 
they  proposed  molecular  absorption  such  as  fluorine,  or  carbon.  The  drawback  of  this 
suggested  origin  can  be  found  by  the  ex-situ  studies  such  as  secondary  ion  mass  spectroscopy 
[Bart>9IJ,  and  X-ray  photoclectron  spectroscopy  [Tak9l],  This  study  indicated  only  a trace 
amount  of  fluoride  at  the  surface.  It  is  generally  believed  that  fluorine  only  acts  as  a catalyst, 
even  though  it  is  the  most  thermodynamically  stable  bond  at  the  surface. 


Siloxene  (SijOjH,)  has  been  known  since  1863  [Woh63]  and  the  efficient  room 
temperature  luminescence  behavior  of  this  material  was  discovered  by  Kautsky  and  Zocher 
in  1922(Kau22],  Siloxene  can  be  easily  prepared  by  reacting  Ca  with  Si  above  800"C  and 
further  chemical  etching  with  HCI  diluted  in  water  or  ethanol  to  remove  Ca.  Then  the 
remaining  silicon  dangling  bonds  are  saturated  with  H and  OH  radicals.  The  suggested 
structure  is  six  fold  silicon  rings  which  are  separated  by  oxygen  bridges.[Kau22]  Another 
proposed  structure  of  these  materials  consists  of  linear  Si  chains  which  are  connected  by 
oxygen  or  silicon  layers  with  alternating  OH  or  H terminations.  Siloxene,  after  annealing  at 
400"C  in  air,  shows  luminescence  with  energy  and  photoluminescence  efficiency  comparable 
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lo  porous  silicon  (see  Fig.  1 . 1 ).  In  addition , siloxene  and  porous  silicon  show  similar  Fourier 
Transform  infrared  (FTIR)  spectra  (Fig.  2.6)  and  Raman  spectra  (Fig.  2.7)  [Fuc93,  Stu92]. 
Siloxene  possesses  characteristic  infrared  vibrational  spectra  as  shown  in  Table  2.1  which 
involve  Si-Si  and  Si-O  vibrations  as  well  as  Si-H  bending  and  Si-H  and  Si-0  stretching 
vibration  [Bra92],  Further  evidence  is  presented , such  as  the  following: 

a)  The  luminescence  from  siloxene  can  be  tuned  by  substituting  other  ligands  such  as 
halogens,  or  OH  for  H. 

b)  Both  porous  silicon  and  siloxene  possess  a pronounced  photolumincscence  degradation 

c)  The  photoluminescence  decay  after  pulsed  excitation  of  both  porous  silicon  and  siloxene 
is  highly  nonexponential.  is  in  the  /r-  to  m-scc  range,  and  depends  on  the  PL  peak  energy. 

These  observations  have  led  some  investigators  to  conclude  that  the  PL  in  porous 
silicon  is  caused  by  siloxene  which  was  thought  to  be  formed  during  the  etching  process.  The 
shortcomings  of  this  model  is  that  freshly  etched  porous  silicon  shows  no  detectable  oxygen 
content  [Vas92,  Tis92],  In  addition.  PS  can  luminesce  without  the  presence  of  H [Pet92], 
However,  FTIR  spectra  obtained  by  Stutzmann  et  al.  [Stu92]  contains  a considerable  number 
of  oxygen-related  vibrational  modes.  Also,  the  similarity  between  Raman  spectra  of  porous 
silicon  and  siloxene  is  very  preparation  dependent,  resulting  in  significant  changes  in  the  peak 


Amorphous  silicon-related  luminescence  is  thought  to  be  based  on  hydrogenated 
amorphous  Si  (a-Si:H).  One  of  the  main  problem  with  a-Si:H  luminescence  is  that  it  displays 
luminescence  only  at  low  temperatures  and  photoluminescence  is  related  to  the  tailband  to 
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WAVE  NUMBER  cm'1 


Fig,  2.6  Comparison  of  infrared  transmission  spectra  of  two  porous  silicon  samples 
(free  standing  or  on  silicon  substrate)  with  the  spectra  of  two  siloxene 
derivatives.  All  samples  exhibit  strong  temperature  luminescence  centered  at 
750nm.  [Fuc93] 
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Fig,  2.7  Raman  spectra  of  siloxcne,  self  supporting  porous  silicon,  CaSi,,  and 

crystalline  silicon.  The  spectra  were  recorded  under  identical  experimental 
conditions  at  300K  using  the  458nm  line  of  an  Ar'-ion  laser.  [Fuc93] 
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Table  2. 1 Assignment  of  the  infrared  modes  observed  in  porous  silicon  and  siloxene. 


Si-O-Si  bend  stretching 
Si-O-Si  stretching 


2200  O-Si-H  stretching 

3400-3580  O-H  stretching 
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tailband  recombination  at  1.3eV.  However,  hydrogen-rich  a-Si:H  can  exhibit  room 
temperature  photoluminescence  at  1 .8-2.0  eV  [WoI83J.  Hydrogen  complexes  (SiH,  SiH„ 
SiH,  or  (SiHj)J,  which  were  present,  were  considered  as  an  origin  of  room  temperature 
luminescence.  From  valence  band  spectra  measurements  for  luminescing  porous  silicon  by 
X-ray  photoelectron  spectroscopy.  Vasquez  ct  al.  [Vas91]  conclude  that  the  near  surface 
region  of  luminescing  porous  silicon  consists  of  amorphous  silicon.  A transmission  electron 
micrograph  study  by  Jung  et  al.  [Jun92]  reveals  that  the  luminescing  porous  silicon  structures 
consist  of  an  amorphous  phase  close  to  the  surface  and  crystalline  phase  beneath.  Work  by 
Heath  and  Jasinski  [Hea92]  shows  that  room  temperature  visible  photoluminescence  can  be 
observed  from  crystalline  and  amorphous  nanoparticles  in  the  range  of  10~30nm,  which  arc 
produced  by  photolysis  of  disilane  (Si;H«)  in  helium  by  an  cxcimer  laser.  Purely  amorphous 
particles  possess  a photoluminescence  peak  at  750nm.  The  PL  peak  maximum  is  independent 
of  particle  size,  but  depends  on  the  crystalline/amorphous  ratio.  However,  particle  size  are 
far  above  the  necessary  for  a quantum  confinement  effect. 

The  micro  PL  study  as  a function  of  depth  from  the  surface  performed  byProkeset 
al.  [Pro92a]  shows  that  the  peak  wavelength  of  photoluminescence  is  insensitive  to  depth.  HF 
dipping  experiments  do  not  result  in  a continuous  blue  shift,  even  though  a continuous  blue 
shift  would  be  expected  in  the  quantum  confinement  model  due  to  the  continuous  decrease 
in  particle  size  [Pro92c]  Annealing  experiments  between  20-600°C  of  photoluminescing 
porous  silicon  shown  in  Fig.  2.8  reveal  a red  shift  of  the  photoluminescence  peak  maximum 
and  a decrease  of  photolummesccncc  intensity.  The  decrease  in  energy  (red  shift)  with 
increasing  temperature  follows  with  that  obtained  for  high  H content  in  a-Si:H  as  a function 
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of  hydrogen  loss  [Pro92bj.  The  temperature  dependence  of  the  hydrogen  loss , measured 
using  residual  gas  analysis,  is  shown  in  Fig,  2.9.  It  is  concluded  that  based  on  this 
hydrogenated  amorphous  silicon  model,  the  PL  intensity  is  affected  by  the  total  surface  of 
porous  silicon  and  that  the  PL  peak  position  is  affected  by  hydrogen  loss.  However,  this 
proposed  model  has  difficulty  in  explaining  the  PL  blue  shift  which  has  been  reported  by  a 
large  number  of  investigators  [Can90,  Shi92,  Nak92a,  Buu92,  Buu93],  Another  objection  is 
that  PS  can  luminescence  without  the  presence  of  H [Pet92].  No  PL  has  been  observed  from 
PS  made  from  a-Si  [Can90,  Jung92], 

2.4,4  SiH;  related  luminescence 

Study  of  the  luminescence  stability  for  PS  in  the  presence  of  a variety  of  ambient  gases 
reveals  that  oxygen  causes  a substantial  decrease  in  luminescence  efficiency  [Tis92],  Fl'IK 
measurements  show  that  the  surfaces  of  degraded  PS  are  oxidized.  However,  freshly  made 
samples  display  efficient  luminescence  with  hydrogen  passivation,  which  reduces  the  non- 
radiative  recombination.  Therefore,  the  luminescence  of  porous  silicon  is  proposed  to  depend 
on  the  Si-H  bond  at  the  surface. 

It  is  well  known  that  the  surface  of  as  prepared  PS  is  saturated  with  SiH,  surface 
species  [Rao91],  The  role  of  silicon  hydride  species  (SiH  and  SiH,)  on  the 
photoluminescence  intensity  has  been  studied  by  Tsai  et  al.  [Tsa9I,  Tsa92).  A sharp  reduction 
in  PL  intensity  is  observed  for  annealing  temperatures  between  300  and  400°C.  This  coincides 
with  desorption  of  hydrogen  from  the  porous  silicon  surface,  changing  the  surface  termination 
from  mainly  dihydride  to  predominantly  monohydride.  The  monohydride  terminated  porous 
shows  very  weak  PL.  However,  the  PL  intensity 


plasma 


Temperature  |‘C) 


Fig.  2.8  Shift  in  the  PL  energy  of  a porous  silicon  sample  as  a funclion  of  annealing 
temperalure  [squares]  and  a shrinkage  of  the  optical  gap  of  a-Si:H  as  a 
function  of  heating  due  to  hydrogen  loss. 


Fig,  2.9  Hydrogen  evolution  as  a function  of  annealing  of  porous  silicon  in  the  same 
temperature  range  as  in  Fig.  2.8.  The  measurements  were  performed  in  UHV 
using  gas  analysis. 


increased  gradually  when  the  sample  was  immersed  in  various  concentrations  of  hydrofluoric 
add , which  facilitates  recovery  of  SiH2  (Fig.  2. 10).  Therefore,  SiH,  plays  an  important  role 
in  porous  silicon  luminescence.  However,  a drawback  of  the  proposed  model  is  that  it  does 
not  readily  explain  blue  or  red  shift  of  PL  from  porous  silicon.  Also,  efticient  PL  can  be 
obtained  from  primarily  oxygen  passivated  porous  silicon  without  the  presence  of  hydrogen 
[Via92,  Tsa93,  Pe!92,  Yam92], 


Canham  [Can90]  reported  room  temperature  visible  PL  after  anodization  of  Si  wafers 
at  low  current  densities  in  HF  based  solutions.  This  anodization  process  generates  an  array 
of  extremely  small  holes  that  run  orthogonal  to  the  surface.  A demonstration  of  the  idealized 

enlargement  of  pore  wall,  which  reduce  the  size  of  the  silicon  wall  can  be  achieved  by 
chemical  dissociation.  At  a porosity  of  greater  than  78.5%,  Canham  expected  the  pores  to 
merge,  creating  isolated  silicon  columns,  possibly  small  enough  for  a quantum  size  effect.  In 
practice,  porosity  values  of  at  least  40-60%  arc  typically  reported  when  PL  is  observed, 
although  lower  values  have  also  been  reported  [Pro93],  However,  there  exists  a limitation  of 
the  use  of  the  porosity  value,  since  porosity  is  an  indirect  and  only  a rough  approximation  of 

The  principal  evidence  supporting  the  quantum  wire  model  is  the  observed  blue  shift 
of  PL  with  increase  in  porosity  (i.e.  with  longer  anodization  time ) as  shown  in  Fig.  2. 1 2.  The 
blue  shift  of  the  PL  has  been  attributed  to  the  decreasing  dimensions  of  the  quantum  wire  size 
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Fig,  2. 1 0 Room  temperature  PL  intensity  and  Sill,  recovcty  as  a lunction  of  HF 
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Fig.  2 .1 1 Idealized  plan  view  of  an  anodized  (100)  Si  wafer  containing  (a)~(c) 
cylindcrical  holes,  (d)~(f)  rectangular  holes.  The  indicated  changes  in 
porosity  are  achieved  by  pore  enlargement  through  chemical  dissolution. 
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Fig.  2.12  Room  temperature  photoluminesccnce  from  anodized  p-  wafers  after 

immersion  in  40  % aqueous  HF  for  the  times  indicated.  Spectra  were  taken 
with  200mW  unfocussed  5 14.5  nm  excitation  incident  on  the  sample  in  air 
and  amplified  by  the  relative  gains  indicated. 


: in  the  energy  bandgap.  Lehmann  and  Gasele  [Leh9l]  i 


the  bandgap  change  using  transmission  (absorption)  measurements  and  found  a large  increase 
in  the  bandgap  enetgy  (Fig.  2. 13.)  Other  methods  also  have  been  used  to  reduce  the  quantum 
wire  size  such  as  thermal  dry  oxidation  or  wet  oxidation,  [Jun9l,  Shi92]  and  chemical 
oxidation  (Nak92b,  Li92a,  Hou93).  Fig.  2. 1 4 shows  a blue  shift  due  to  dry  thermal  oxidation 
at  700°C  of  PS.  The  PS  samples  were  thermally  oxidized  for  different  periods  of  time  and 
dipped  in  dilute  HF  to  remove  the  oxide  and  restore  dihydride  passivation.  Within  an 
oxidation  period  of  300sec  the  PL  peak  gradually  shifted  from  ~730nm  to  ~620nm. 
Oxidation  above  400X1  would  result  in  a loss  of  dihydride  passivation  and  almost  entire  loss 

restored.  Therefore,  the  PL  intensity  was  partially  recovered  and  blue  shifted.  Considerable 
research  has  been  done  on  blue  shifting  of  PL  spectra  by  wet  chemical  oxidation  of  anodized 
PS.  These  methods  include  oxidation  by  such  species  as  H,0  [Li92a,  Hou93]  and  HjOiOr 
HNOj  [Nak92a],  Chemical  oxidation  in  boiling  water  has  been  reported  to  show  a blue  shift 
from  ~780nm  to  670  nm  [Li92al  and  from  ~700nm  to  ~500nm  [Hou93], 

Asnin  et  at.  [Asn93]  measured  a low  temperature  PL  and  found  a fine  structure  in  the 
visible  PL  band.  Fig.2.15  shows  the  set  of  fine  structure  lines  which  can  be  described  by 
confinement  of  electrons  and  holes  inside  Si  wires  of  various  widths,  which  are  quantized  in 

Theoretical  calculations  of  bandgap  increase  of  silicon  quantum  wires  sizes  have  been 


ch  groups  [Bud92,  Rea92,  San92,  Ohn92,  Wan93c,  Ste92J.  Diffei 
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Fig-  2.13  Measured  transmission  of  monochromatic  light  through  porous  silicon 

grown  on  a nondegenerate  p-  type  silicon  substrate  (squares,  PSL  thickness 
1 lOym),  on  a degenerate  p'-  type  silicon  substrate  (circles,  PSL  thickness 
1 50  |im)  and  for  a single  crystal  reference  sample  (crosses,  sample 
thickness  40/im) 


Fig.  2.14  Room  temperature  PL  peak  position  and  intensity  as  a liinction  of  700"C 
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Fig.  2.15  PL  spectra  of  PS  layers  with  different  crystal  orientation  and  thickness  1- 
<100>,  I=5«m;  2-<l  1 1>,  1=  30ym;  3-<l  1 1>,  l=10/<ra  at  4.2K,  The  arrows 
indicate  peak  positions  of  fine  structure  lines. 


bandgapi 
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en  employed  in  these  calculations.  Therefore,  there  are 

the  calculations  are  in  general  agreement  with  each  other.  G.D.  Sanders  and  Y.C.Chang  use 
a second  - neighbor  empirical  tight-binding  model  to  calculate  the  band  structure  of  silicon 
quantum  wires  [San92).  Fig.  2.16  shows  the  result  of  band  structure  calculation  of  silicon 
quantum  wires.  The  most  interesting  aspect  of  this  calculation  is  that  the  Si  quantum  wire 
shows  a direct  band  gap  occurring  at  the  zone  center  (T  symmetry)  compared  to  indirect 
silicon,  which  has  a conduction  band  minimum  at  the  X symmetry  point  and  a valence  band 
maximum  at  the  r symmetry  point.  In  addition,  the  bandgap  energy  increase  with  the 

2,4, 5.2  Quantum  dot  model 

Transmission  electron  micrograph  (TEM)  studies  have  been  utilized  to  obtain  direct 
evidence  of  quantum  wires  from  porous  silicon  [Col92a.  Cul91.  Cul92,  Gar91,  Nak93, 
Nis92b,  Tes93].  However,  a majority  of  TEM  studies  on  porous  silicon  layers  show  the 
existence  of  nanocrystalline  Si  (quantum  dot)  rather  than  tree  standing  quantum  wires 
[Nak93,  Nis92b].  Therefore,  the  origin  of  the  PL  is  attributed  to  the  three  dimensional  carrier 
confinement  in  nanocryslals. 

Additional  evidence  of  the  existence  of  quantum  dots  can  be  found  from  Raman 
spectroscopy  studies  [lno92a,  Ino92b,  Koz92,  Soo92,  Sui92,  Tsu92  ].  Even  though  there  are 
some  discrepancies  of  the  Raman  peak  shift  from  porous  silicon  between  Raman  studies,  the 
results  match  well  with  quantum  dot  theory,  suggesting  that  microcrystallite  sizes  are  a few 
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Fig.  2. 1 6 Band  structures  of  Si  quantumn  wires  without  spin 
L=7.7  A,  (b)  L=15.4  A,  (c)  L=23  A,  (d)  L=31  A,  wl 
[San93], 


[Tsu92] 
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report  the  result  of  Raman  measurements  as  shown  in  Fig.  2.17.  The  Raman 
spectrum  of  bulk  crystalline  Si  presents  a characteristic  peak  at  521cm'1  with  a lull  width  at 
half  maximum  (FWHM)  of  4cm'1.  The  spectrum  (b)  show  a small  shift  of  3~4cm'‘  from  the 
crystalline  silicon  peak.  The  additional  1cm'1  shift  from  (b)  to  (c)  corresponds  to  a shift  of  PL 
energy  ifom  1 .65  to  1 .86  eV.  The  peak  shift  has  been  assigned  to  a smaller  crystallite  size. 

Furthermore,  anodic  oxidation  has  been  used  to  reduce  the  particle  sizes  and  to 
reduce  the  PL  intensity  degradation  [Bsi91],  This  result  also  shows  that  the  PL  peak  is  shifted 
to  the  blue  region  with  an  increase  of  anodic  oxidation. 

DiMaria  et  al.  [DiMa84]  reported  electroluminescence  studies  of  silicon  precipitates 
within  a Si02  matrix.  Several  distinct  spectral  peaks  are  observed  in  the  energy  range  from 
1.5  eV  to  5 eV,  showing  a strong  dependence  on  annealing  temperature  and  Si  content.  The 
origin  of  the  peaks  is  assigned  to  the  electron  transition  between  energy  levels  associated 

Theoretical  calculations  of  bandgap  increase  of  Si  quantum  dots  were  done  by  several 
research  groups  [Dd93,  Ren92,  Pro92c].  B.Delly  and  E.F.  Steigmeier  use  a density  (unction 
approach  (first  principles  thcoiy)  to  calculate  the  band  structure  of  a quantum  dot.  Their 
result  also  shows  a direct  band  gap  which  is  considerably  larger  than  the  indirect  gap  of  bulk 

The  quantum  confinement  model,  whether  the  luminescence  originates  from  quantum 
a)  Lack  of  depth/spatial  information  in  TEM  evidence 

b)  The  PL  peak  position  is  reported  to  depend  not  on  nano-particle  size  but  on  the  ratio 


Raman  Shift  (cm-1) 


Fig.  2.17  Room  temperature  Raman  spectra  for  (a)  C-Si,  (b)  PSL  with  PL  peak  at 
~1.65eV,  and  (c)  PSL  with  PL  peak  1 ,86eV. 
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[Hea92], 

c)  Micro  PL  and  cross-sectional  TEM  show  lhal  light  emitting  areas  arc  amorphous  [Nog92, 
Geo92], 

2 4.6  Hybrid  model  for  the  PL  from  PS 

?A6J_Su_rfacgjlMArelaiedJuMpemnge 

The  surface  state  related  PL  was  proposed  by  Koch  et  al.  [Koc93],  According  to  his 
theory  the  irregularly  shaped  nanocrystallites  arc  not  perfectly  passivated.  Reconstructed  and 
disordered  Si  in  the  boundary  layer  provides  stales  which  lower  the  energy  and  further  coniine 
electrons  and  holes.  Therefore,  surface  localized  states  are  trapped  the  primary  excitation 
prior  to  recombination.  The  evidence  for  the  surface  states  luminescence  model  is  given  as 
follows 

a)  Time  resolved  emission  spectra  from  porous  silicon  contain  two  bands  of  widely  different 
life  time.  The  fast  component  which  is  in  the  blue-green  region  displays  a decay  time  of  about 
a few  nanoseconds  at  room  temperature.  The  slow  component,  which  is  in  the  red  spectrum 

b)  The  width  and  structure  of  the  Si-Si  vibration  spectrum  measured  by  Raman  and  FTIR 

Fig.  2, 18  shows  a radiative  emission  mechanism  including  surface  states  proposed  by 

The  indices  0, 1 , and  2 indicate  the  number  of  surface  states  involved. 

Type  0 - The  electrons  and  holes  (exciton)  recombine  directly  without  involving  the  surface 
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surface 

defect 


Fig.  2. 1 S Hierarchy  of  transition  in  the  surface  state  model.  The  indices  0, 1 .2  indicate 
the  number  of  surface  states  involved.  The  E.  recombination  involves 
tunnelling  between  band  states.  E,  is  a fast  process  that  represents  the 
capture  of  a band-edge  carrier  by  one  trapped  in  a surface  slate.  Eg  is  the 
excitonic  recombination  in  a volume. 


. This  band  to  band  pr* 
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large  particles. 


the  quantum  siz 


Type  I - One  of  the  electrons  and  a hole  are  trapped  at  an  energy  below  the  gap  and 
recombine  with  free  carrier.  This  recombination  time  of  band  to  bound  state  transition  can 
be  much  faster  than  bound  to  bound  state  transitions. 

Type  2 - Both  electron  and  hole  recombination  involves  tunneling  between  band  states  This 

of  transition  is  reflected  in  a relative  ordering  of  energies.  This  surface  state  model  bridges 
the  gap  between  the  extremes  of  a pure  quantum  confined  bulk  effect  and  a molecular  agent 
hypothesis. 

Even  though  the  quantum  confinement  model  can  explain  the  photoluminescence 
energy  from  PS  in  the  visible  light  range,  it  has  difficulties  in  explaining  blue  and  especially 
red  shifts  of  the  PL  peak  position  with  varying  temperature,  anodic  etching  conditions  and 
post-treatment.  Collins  et  al.  [Col92a]  observed  a blue  shift  in  samples  where  the  original 
peak  was  red  while  there  was  a red  shift  where  the  original  PL  peak  was  green.  The  UV 
radiation  leads  to  oxidation  and  cause  the  decrease  size  of  nanocrystalline  Si.  Therefore,  the 
blue  shift  can  be  explained.  On  the  contrary,  the  red  shift  is  difficult  to  understand.  The 
repetitive  thermal  annealing  and  HF  dipping  experiment  by  Prokes  et  al.  [Pro92al  shows  a 
peak  position  between  1.69  and  1 9eV  regardless  of  repetition,  instead  of  a continuous  blue 
shift  as  predicted  by  the  quantum  confinement  model.  A freshly  etched  PS  surface  is 
terminated  by  H:  but  its  surface  is  eventually  replaced  by  oxygen  in  atmosphere.  From  these 


fact,  Qin  and  Jta  [Qin93]  propose  luminescence  cemer  related  PL  from  PS  as  follows; 

a)  In  nanocrystallinc  Si,  photoexcitalion  creates  an  electron-hole  pair  with  increased  energy 
due  to  quantum  confinement. 

b)  The  probability  of  radiative  recombination  inside  the  nanoscalc  Si  is  negligible  in 
comparison  with  that  outside  of  the  Si  nanocrystallites  There  exist  two  different  cases  for 
the  surface  region  of  nanocrystalline  Si;  (I)  where  surface  region  is  passivated  by  Sio,  (II) 
surface  region  is  not  covered  by  SiOj.  The  electron  and  hole  pairs  which  are  produced  in 
nanocrystalline  Si  can  recombine  to  emit  visible  light  through  luminescence  centers,  which  are 
located  at  Si/SiOz  interfaces  and/or  in  the  thin  SiO,  layers  for  case  (I),  and  luminescence 
centers  (complexes  of  Si  with  H,  O,  or  F)  located  on  the  surface  of  nanocrystalline  Si  for  case 
(II).  Fig  2. 1 9 shows  a schematic  illustration  of  electron  and  hole  pair  recombination  through 
luminescence  centers. 

c)  The  stress  at  the  interface  of  surfaces,  the  thickness,  and  the  stoichiometric  compositional 
deviation  of  the  SiO,  layer  can  affect  the  electronic  structure  of  luminescence  centers. 
Evidence  for  the  existence  of  luminescence  centers  in  SiO,  are  given  in  the  literature  at  1 .9, 
2.2,  and  2.7  eV,  which  are  near  the  photon  energies  of  luminescence  bands  observed  in  PS 
[Sku79,  Sta87,  Ito90].  Also  the  decay  time  for  the  1.9eV  (650nm)  emission  band  in  SiO* 
assigned  to  the  non-bridging  oxygen  hole  centers,  is  10  - 15  /isec  at  room  temperature  which 
is  very  similar  to  that  of  PS.  They  further  argue  that  there  are  two  reasons  to  have  efficient 
PL  in  PS.  The  first  reason  is  that  there  is  much  more  efficient  radiative  recombination  outside 
the  nanociystalline  silicon  than  the  band  to  band  recombination  transition  inside  the 
nanociystal.  The  second  reason  is  the  lack  ofnon-radiativc  recombination  centers  due  to  good 


43 


ht.r'j~ 

-L  J 
1.12  eV 
T 

| ~‘ho) 

T 

9 ev 

5102 

nanoscale 

SI 

SIO2 

Fig.  2.19  Schematic  illuslralion  of  electron-hole  pairs  recombining  to  emit  visible  light 
through  luminescence  centers,  which  are  located  in  the  SiO:  layers. 
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passivation  by  hydrogen  or  oxygen.  They  ascribed  red  or  blue  shift  of  the  PL  peak  to  a 


Due  to  the  existence  of  vast  amount  of  hydrogen  -SiH,-  and  -(SiHJ,,-  and 
nanocrystaihne  01  and  SiO;,  Takcda  et  al  [Tak93]  suggest  another  hybrid  model.  They 
propose  an  ohgostlane  -(SiH,),,-  bridge  model,  where  are  connecting  the 

nanociystallitc,  as  the  origin  of  the  intense  visible  PL  of  PS  by  means  of  experiment  and  semi- 
empirical  molecular  orbital  calculation.  The  bases  on  this  proposed  luminescence  are  as 
follow. 

a)  The  blue  shift  of  the  absorption  edge  from  the  bulk  Si  value  of  1 . 1 2 to  1 .7-2.5  eV 

b)  Broad  FWHM  of  the  PL  peak 

c)  The  high  PL  efficiency,  which  implies  a direct  transition  like  light  emission  process. 

d)  The  high  PL  efficiency  when  the  photon  energy  is  larger  than  about  3.0~3.3eV. 

e)  Long  decay  time  of  PL  up  to  the  order  of  microsecond 
0 The  existence  of  nanometer  size  crystalline  silicon 

g)The  existence  of  a considerable  amount  of  -SiHr  or  -(SiH^-  in  porous  silicon  as  suggested 
from  FTIR  spectra 

A schematic  of  the  proposed  model  is  given  in  Fig.  2.20.  They  obtained  the  calculated 


emission  energy  around  1.2  -2.1  eV.  The  efficient  transition  probabilities  between  the 
electron  states  from  the  calculation  support  the  high  efficiency  of  PL. 


energy  around  3.3  eV  and  structure  sensitive  light 


Due  to  vast  surface  arca/probability  of  various  chemical  incorporation  from  porous 


Fig.  2,20  A schematic  representation  of  the  oiiganosilane  bridge  model  for  light 
emitting  porous  silicon.  [Tak93] 
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Si , several  mechanisms  for  Si  based  luminescence  have  been  proposed.  Some  of  ihe  proposed 
theories  has  reviewed  at  preceding  section.  The  spark-processed  Si  possess  some  similar 

nanocrystallites  and  Raman-shift  compared  to  those  for  anodically  etched  porous  silicon. 
Therefore,  these  suggested  origin  of  luminescence  will  be  applied  to  the  sp-Si  in  discussion. 


CHAPTER  3 

EXPERIMENTAL  PROCEDURE 


3.1,1  Spark  processed  Si 

The  sample  preparation  used  in  this  study  involved  a spark  process  technique 
utilizing  either  a high  voltage/low  current  Tesla  transformer  (bipolar  spark),  or  unipolar 
pulsed  discharge.  A schematic  diagram  of  the  equipment  is  shown  in  Fig.  3.1.  For  bipolar 
spark  processing  a high  frequency  (7KHz),  high  voltage  (several  thousands  volts),  / low 
current  (several  mA)  was  applied  by  means  of  a Tesla  transformer  between  two  identical 
parallel  silicon  wafers  in  order  to  prevent  any  unintentional  contamination.  The  silicon  wafers 
were  separated  by  a 0.35mm  mica  plate  through  which  a hole  1.5mm  in  diameter  was  drilled. 
The  Tesla  coil  is  an  air-core  transformer  with  primary  and  secondary  coils  tuned  to  resonate. 
The  primary  and  secondary  coils  function  as  a step-up  transformer  which  converts  a relatively 
low  voltage/  high  current  to  a high  voltage/  low  current  at  high  frequencies.  The  Tesla 
transformer  provided  a 140ms  AC  pulse  which  was  repeated  every  17ms. 

In  a second  set  of  experiment,  a tungsten  tip  and  Si  wafer  was  separated  by  a various 
spark  gap.  Generally,  1mm  spark  gap  was  used.  For  unipolar  spark  process,  the  repetition 
frequency  was  chosen  to  be  16.7  KHz  which  led  to  a pulse  length  of  about  0.02ps  repealed 
every  60/rs.  The  purpose  for  utilizing  a tungsten  tip  is  to  attain  a larger  charge  density  and 


Bipolar  Spark 


Fig.  3.1  Sc 


atic  diagram  of  bipolar  spark  and  unipc 


an  efficient  spark  source.  A highly  charged  point  ionizes  the  air.  Gas  ions  near  charged 

and  produce  electrons  and  newly  created  ions.  The  process  occurs  very  rapidly  and  the  gas 
around  the  sharp  point  becomes  conductive  due  to  the  presence  of  many  electrons.  Electrons, 
then  move  rapidly  through  this  ionized  path,  neutralizing  the  charge  on  the  tip  and  causing 
a spark.  The  gas  ions  (oxygen,  nitrogen  etc)  impact  on  the  Si  surface  thus  effectively  causing 
Bash  evaporation  in  a limited  area  During  the  off-periods  of  the  spark  the  Si  vapor  redeposits 

If  post  annealing  was  applied  it  was  achieved  in  a horizontal  tube  furnace  in  a quartz 
tube,  or  a box  furnace  in  an  air  or  nitrogen  atmosphere.  Some  sp-Si  samples  were  annealed 


In  order  to  study  possible  luminescence  from  non-stoichiometric  oxide,  the  following 
sample  preparations  were  performed.  First,  SiO  was  vapor  deposited  onto  Si.  SiO  powder 
with  a purity  of 99.99%  was  placed  in  an  A1,0,  crucible.  The  crucible  was  Joule  heated  in  a 
W basket  placed  in  a vacuum  chamber  which  was  evacuated  to  a initial  pressure  of  3x10-* 
Torr.  The  pressure  reduced  to  3x1 0-'  Torr  during  deposition  The  deposition  rate  of  the  film 
was  approximately  loA/scc.  Four  separate  deposition  steps  which  yielded  each  1mm  were 
employed.  Between  each  deposition,  the  vacuum  was  broken  to  load  more  SiO  powder.  It 
is  anticipated  that  this  procedure  yielded  an  SiO  film.  Secondly,  small  non-stoichiometric 
SiO,  (1.5<x>2.0)  samples  were  produced  by  RF  sputtering  of  99.995  purity  SiO,  at  room 
temperature  on  a silicon  wafer.  The  distance  between  target  and  substrate  was  6cm.  Before 
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backfilled  into  the  chamber  at  a rate  of  25.1  seem  (cm1  sec).  During  deposition,  a pressure 
of  10  mTorr  was  maintained  and  200  W RF  power  was  used.  Two  separate  sputtering 
depositions  yielded  a thickness  of  3mm. 

Third,  ion  implantation  of  0 and  Si  on  the  silicon  wafer  and  fused  silica  was  done 
with  a Varian  Model  200-20AF2  implanter.  Dose  and  implantation  energy  of  this  sample 
preparation  was  2xl0,6(ions/cm?)  and  25KeV,  respectively.  The  sample  thus  produced  were 
analyzed  with  respect  to  their  composition  and  stoichiometry. 

3,2  Characlerizalion? 

3,-21J.Php.tp.l.timinescence  measurement 

Photoluminesccnce  (PL)  refers  to  emission  of  light  which  results  from  optical 
stimulation.  In  PL,  a material  gains  energy  by  absorbing  incident  monochromatic  (laser)  light 
involving  a transition  from  the  valence  band  to  the  conduction  band  (electron-hole  pair 
creation).  After  a certain,  but  short  time  interval  the  system  undergoes  a non-radiative 
internal  relaxation,  involving  interactions  with  crystals.  An  excited  electron  moves  to  a more 
stable,  lower  energy  state  i.e,  the  bottom  of  the  conduction  band.  The  electron  then  spends 
a system  dependent-characteristic  lifetime  in  the  excited  state,  after  which  the  excited 
electron  returns  to  the  ground  state.  The  wavelength  of  this  emission  is  longer  than  that  of 
the  incident  light.  This  emitted  light  is  then  detected  as  photolumincscence. 

PL  spectroscopy  was  used  extensively  in  the  course  of  this  study.  A schematic 
diagram  of  the  PL  equipment  is  shown  in  Fig  3.2.  The  PL  instrument  used  in  this  study  was 
a custom  built  system  from  commercial  optical  components.  Optical  excitation  was  achieved 


laser  light.  The  "cut  on"  wavelength  of  this  filter  (SO%  transmission)  was  346nm  and  505  nm, 
respectively.  The  collected  light  was  dispersed  by  a scanning  grating  monochromator.  The 
intensity  was  counted  by  a Peltier-cooled  photomultiplier  tube  with  a GaAs  detector  whose 
useful  spectral  range  was  from  350  nm  to  850  nm. 

The  time  dependence  of  the  emission  (time  resolved  PL)  was  measured  by  Prof.  P, 
Fauchet  in  Rochester/NY  to  provide  information  about  energy  level  coupling  and  lifetimes 

technique  after  excitation  by  the  second  harmonic  (2m=300  nm)  of  a synchronously  pumped 
picosecond  dye  laser  (pulse  duration  time  2~3  ps). 

3,2,2  FTIR  speflreswpy 

Fourier  transform  infrared  (FTIR)  spectroscopy  provides  an  information  about 
chemical  bonding  in  a material.  In  order  to  correlate  the  surface  chemical  compositions  ( or 
surface  passivation)  with  the  origin  of  PL  and  the  PL  intensity  stability,  FTIR  spectroscopy 
was  used  to  investigate  the  vibrational  modes  of  sp-Si  and  other  relevant  materials  such  as 
Si-0  compound.  Both,  difiusc  reflection  spectroscopy  and  infra-red  microscopy  (IRM)  were 
used  for  this  investigation  The  IRM  was  applied  to  study  the  homogeneity  of  the  sample 
and  to  supplement  the  diffuse  spectra,  especially , the  Si-O-Si  stretching  vibrational  mode. 


glyccne  sulfate  (TGS)  detector  f 
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at  room  temperature  in  an  N,  purge.  The  IRM  spectra  were 
surveyed  using  a mercury  cadmium  telluride  (MCT)  detector  which  was  cooled  by  liquid  N, 
in  ambient  atmosphere.  The  spot  size  for  diffuse  measurements  and  IRM  measurements  was 

Advance  Material  Research  Center  (AMRC)  with  the  assistance  of  G.  LaTorre. 

3,2J_Raman  spectroscopy 

clouds  that  make  up  chemical  bonds.  When  the  inelastically  scattered  light  is  analyzed  by  the 
monochromator/detcctor  apparatus.  Raman  peaks  shill  in  wavelength  from  the  incident  laser 
wavelength  (Rayleigh  scattering).  The  vibrational  energies  are  deduced  from  the  energy  of 
the  incident  laser  beam  and  the  Raman  lines  which  appear  in  the  spectrum  at  frequencies  less 
than  that  of  the  incident  beam.  These  characteristic  Raman  peak  shifts  can  be  used  for 
determining  the  crystalline  size  and  for  identification  of  the  phase(s)  of  the  microcrystalline 
material.  The  amount  of  peak  shift,  and  the  increase  in  the  full  width  at  half  maximum 
(FWHM)  of  the  peak  can  lead  to  the  determination  of  the  size  of  the  nanocrystallites. 

The  Raman  spectra  were  taken  in  air,  and  the  backscattering  configuration  utilizing 
the  488  nm  line  of  Ar'  laser  was  focussed  by  a microscope  alignment  to  a spot  size  o 
yielding  a power  density  in  the  hundreds  W/cm!  range.  Dr.  Huan  in  UF  chemical  ent 
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irgics  of  the  core  electrons  for  different  bonding  conditions  are  known  so  that 
can  be  used  to  probe  the  chemical  slate  of  the  sp-Si.  It  is  also  possible  to 
tee  band  binding  energy  shift  with  crystal  size. 


3.2.5.  X-ray  Diffraction 

X-ray  diffraction  was  used  for  obtaining  the  crystalline  phase  and  size  of  the  crystallite 
after  spark  processing  of  a single  crystalline  Si  wafer.  According  to  Bragg's  law,  the  crystal 
phases  present  can  be  determined  by  the  following  equation,  A=2dsin0,  where  I is  the 
wavelength  of  the  Cu  Ka  line,  d is  the  crystal  plane  spacing,  and  0 is  half  of  the  angle 
between  the  incident  and  diffracted  beams.  The  crystallite  size  L can  be  estimated  from  the 
peak  width  with  the  Scherrer  formula  : t=O.9A/Bcos0 , where  t is  the  diameter  of  the  crystal 
and  B is  the  full  width  at  half  maximum  of  the  diffraction  line  in  radians. 
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3.2  6.  Transmission  electron  Microscopy 

In  order  lo  study  its  microstructure,  sp-Si  was  investigated  with  transmission  electron 

therefore  have  a tendency  to  disintegrate  when  applying  standard  TEM  thinning  methods 
[Gar9l],  Thus,  some  investigators  utilizes  flakes  or  sample  fragments  which  have  been 
obtained  by  scraping  the  anodically  etched  silicon  surface  [Cul9I,  Cul92],  In  our  case, 
however,  conventional  cross-sectional  electron  micrographs  could  be  obtained. 

For  this  study , a JEOL  200CX  , and  a JEOL  4000FX  TEM  operated  at  200  and 
400KV,  respectively  were  employed.  The  cross-section  TEM  samples  were  made  by  the 
following  sample  preparation  methods.  First,  the  sp-Si  sample  was  cleaved.  The  two  halves 
were  cemented  together  face-to-face  with  epoxy  and  mounted  between  silicon  slabs  to  form 
a stack.  The  stack  was  put  into  an  oven  at  200°C  for  I hr  in  order  to  cure  the  epoxy.  Then 
the  stack  was  sliced  into  several  cross-sectional  samples  having  a thickness  of  about  500mm 
The  sample  was  mechanically  ground  perpendicularly  to  the  cemented  face  to  a thickness  of 
100mm , using  a slurry  of  alumina  in  water.  One  portion  was  mounted  to  a 3mm  Cu  support 
grid  then  dimpled  to  20mm  thickness,  and  finally  ion  milled  in  argon  to  perforation.  This  way. 
the  TEM  samples  were  obtained . with  areas  spanning  from  the  silicon  substrate  to  the  sp-Si 
region.  The  expert  help  of  Dr.  Augusto  Morrone  for  sample  preparation  and  analysis  is 
gratefully  acknowledged. 


CHAPTER  4 
RESULTS 

41  Phololuminescence  Study  of  Spark  Processed  Silicon 

Fig.  4. 1 depicts  photoiuminesccnce  spectra  involving  bidirectional  spark-processing 
and  various  periods  of  spark  processing  times,  employing  a p-type  (B-dopcd,  -60cm)  Si 
wafer.  The  increase  of  PL  intensity  with  an  increase  in  spark  processing  time  is  clearly  seen. 
The  luminescence  peak  wavelengths  and  energies  shifts  slightly  from  about  650  nm  to  637  nm 
(1.91  to  1.95  eV)  when  longer  spark  times  are  used.  In  a subsequent  set  of  experiments  it 

separated  by  a 0.3S  mm  thick  mica  plate  through  which  holes  I,  I.S,  2,  and  3 mm  in 
diameter  were  drilled  (See  Fig.  3 I (a)).  This  limits  the  area  across  which  the  spark  process 
will  occur.  (In  the  original  experiments  described  above,  no  mica  plate  was  utilized,  that  is. 
the  two  wafers  were  just  positioned  parallel  to  each  other  without  a solid  medium  in 
between.)  Bidirectional  sparks  were  applied  for  four  hours  to  each  sample.  Fig.  4.2  shows 
the  resulting  PL  intensities  as  a function  of  the  inverse  area  of  the  holes.  The  PL  intensity 
increases  as  the  aftectcd  area  decreases.  It  was  also  revealed  that  both  wafers  displayed 

function  of  the  spark-process  time  by  utilizing  bipolar  spark  process.  Both  wafers  show 
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Fig.  4. 1 Room  temperature  photoluminescence  spectra  taken  on  p-type  Si  submitted 
to  spark  processing  in  air  for  various  time  intervals . Photoluminescence 
measurements  were  taken  utilizing  the  514.5  nm  wavelength  excitation  of  an 
Ar'  ion  laser  with  a power  of  I.SmW  and  beam  size  of  50pm  in  diameter. 
These  are  the  first  PL  spectra  of  sp-Si  obtained  with  a Tesla  transformer. 
They  are  only  of  historic  value.  Since  then,  preparation  times  have  been 
shortened  and  the  PL  intensity  has  been  substantially  increased. 
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Fig.  4.2  Photoluminescencc  inlcnsity  as  a function  of  inverse  area  of  holes,  where 
<1=1, 1.5, 2 and  3 are  the  diameters  in  mm  of  the  openings.  A bipolar  spark 
process  was  employed. 


Spark  Processed  Time  (hr) 


Fig.  4.3  Normalized  PL  intensity  as  a function  of  spark-process  time.  A bipolar 
spark  process  was  employed.  The  circles  and  triangles  represent  the 
positive  side  and  the  grounded  side  of  the  Si  wafer,  respectively. 


In  order  to  achieve  a more  efficient  spark  process,  a tungsten  tip  was  utilized  as  a 

contamination,  see  section  5.2.2.  In  this  case,  the  spark-processed  area  was  no  longer  as 
defined  as  in  the  above  mentioned  experiment.  It  was  observed  that  the  longer  the  spark 
process  was  conducted , the  larger  the  affected  area.  This  can  be  interpreted  by  knowing  that 

been  spark-processed,  it  becomes  less  conducting.  As  a consequence,  the  spark  seeks  an 

intensity  of  the  photolumincscence  was  not  located  at  the  center,  but  at  a concentric  ring  near 
the  periphery  of  the  affected  area.  These  findings  arc  depicted  in  Fig.  4.4.  Finally,  it  was 
observed  that  the  center  area  had  a brownish  color,  where  the  outmost  periphery  was  also 
brown.  Only  the  area  marked  "b"  in  Fig.  4.4  was  gray. 

The  PL  intensity  can  be  further  increased  by  increasing  the  frequency  of  the  sparks. 
For  example,  spark-processed  silicon  prepared  for  12  hours  at  50  Hz  docs  not  exhibit  any 
photolumincscence.  (See  also  the  photomicrographs  in  Fig.  4.28)  The  photoluminescence 
was  observed  to  be  enhanced  when  the  sample  is  prepared  at  higher  frequencies  as  shown  in 
Fig.  4.5. 

An  even  more  efficient  PL  was  observed  when  high  frequency  unipolar  spark 
processing  was  applied  whereby  the  Si  was  biased  negatively.  (No  PL  was  observed  when  Si 
was  biased  positively.)  Contrary  to  bipolar  sparking  unipolar  spark-processing  shows  a 
homogenous  PL  in  the  center  region,  that  is,  the  entire  center  region  was  observed  to  be  grey 
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Fig.  4.4  Intensity  distribution  of  bidirectional  spark  processing  involving  a W tip, 

showing  three  different  regions  marked  (a),  (b),  and  (c)  and  corresponding 
photoluminescence  spectra.  Photoluminescence  spectra  were  collected  with  a 
325  nm  He-Cd  laser  with  a power  density  of  about  1 W/cnr  at  room 
temperature. 
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Fig.  4.5  Room  temperature  PL  spectra  taken  on  sp-Si  samples.  A bipolar  spark 
process  was  employed  for  12  hrs  at  50Hz  and  70KHz. 
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and  highly  luminescing,  where  Ihe  periphery  was  light  brown  and  about  one  order  of 
magnitude  less  photoluminescing, 

The  even  more  efficient  PL  was  achieved  when  smaller  spark  gap  distance  of  I mm 
was  applied  as  depicted  in  Fig.  4.6. 

Fig  4.7  shows  the  PL  intensities  as  a function  of  spark  process  time  for  unipolar  sp-Si. 
PL  intensities  were  observed  to  be  increased  with  increase  of  spark  process  time  similar  to 
bipolar  sp-Si. 

PL  intensity  changes  as  a function  of  doping  concentration  (n-  as  well  as  p-  Si)  are 
given  in  Fig  4.8  The  PL  spectra  were  collected  from  air-cooled  sp-Si  utilizing  unfocused 
laser  beam  ( i.c.,  large  area  of  sample).  It  was  observed  that  PL  intensities  were  small  for 
both  low  and  high  doping  concentration.  More  data  are  needed  to  examine  PL  intensity 
changes  with  doping  concentration. 

The  highest  luminescence  concomitant  with  a strong  blue  shift  is  obtained  when  dry 
air  is  blown  during  unipolar  spark  processing  onto  the  silicon  substrate.  We  shall  return  to  this 
phenomenon  below. 

Two  normalized  spectra  of  sp-Si  which  were  measured  by  applying  an  excitation 
wavelength  of  488  nm  are  shown  in  Fig.  4.9  (a).  The  samples  were  prepared  using  bipolar 
spark  processing  between  two  parallel  silicon  wafers,  One  of  the  samples  was  spark 
processed  at  the  ambient  conditions,  that  is , at  about  100°C  (which  was  measured  at  the  back 
of  a sample  by  a thin  thermocouple  due  to  spark  heating.  However,  the  actual  temperature 
of  the  front  side  is  probably  much  higher  due  to  the  localized  point  of  spark,  and  the  relatively 
poor  heat  conduction  of  Si.  Due  to  electromagnetic  interference,  the  temperature  can  be  only 
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Fig.  4.6  Normalized  PL  intensity  as  a function  of  the  spark  gap  between  the  W tip 
and  Si.  (Unipolar  spark  processing  was  utilized) 
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Fig.  Normalized  PL  intensity  as  a function  of  the  spark-processed  time.  ( Unipolar 
spark  processing) 
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Fig.  4.8  PL  intensity  as  a function  of  doping  concentration  for  n-  and  p-  type  St. 
(Unidirectional  spark  processing;  spark  processing  time;  4hrs). 
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Fig.  4.9  Normalized  PL  spectra  of  bidirectional  and  unidirectional  spark-  processed 
silicon  wafers  prepared  at  different  temperatures  and  excited  using  two 
different  laser  lines  (488  nm  line  of  an  Ar'  laser,  325  nm  line  of  a He-Cd  UV 
laser,  respectively). 


measured  in  the  absence  of  spark  event.  The  other  sample  was  spark  processed  in  an 
environment  slightly  above  liquid  nitrogen,  that  is,  at  around  room  temperature  or  slightly 
below  RT.  It  should  be  mentioned  that  the  spark  time  was  reduced  in  this  case  to  2-4  hours 
in  order  to  minimize  thermal  heating  A strong  blue  shift  in  the  PL  spectrum  is  observed  in 
Fig.  4.9  (a).  However,  the  PL  peak  position  is  observed  to  vary  depending  on  the  spark- 
process  area,  where  PL  spectrum  is  collected.  Fig.  4. 10  depicts  the  experimental  setup  and 
resulting  PL  spectra  at  various  positions  Generally,  the  lower  area  depicted  as  4, 5,  and  6 
(colder  temperature)  of  spark-  processed  region  displays  more  blue  shift  than  the  upper  area 
(1, 2,  and  3).  The  spectrum  which  is  shown  in  Fig.  4.9  (a)  represents  largest  blue  shift  not 
only  from  the  region  but  also  from  the  repeated  experiments.  The  low  wavelength  side  of  the 
latter  spectrum  (dotted  line)  is  truncated  due  to  the  relatively  high  excitation  wavelength  and 
the  cut-off  from  the  long  pass  band  filter.  The  true  PL  peak  is  probably  located  further  in 
blue  region,  i.e. , below  540  nm. 

Fig.  4,9  (b)  depicts  among  others  the  photoluminescence  spectra  of  the  samples 
mentioned  above  utilizing  a 325  nm  He-Cd  laser.  The  PL  spectrum  for  un-cooled  sp- Si 
displays  now  a peak  near  520  nm  (2.38eV)  compared  to  630  nm  (1.97eV)  for  Ar'  laser 
excitation.  In  other  words,  the  excitation  wavelength  is  observed  to  have  a definite  influence 
on  the  PL  spectra  of  sp-  Si.  (Detailed  results  of  the  PL  peak  changes  as  a function  of  the 
pumping  wavelength  will  be  given  later.)  It  needs  to  be  emphasized  that  both  bipolar  as  well 
as  unipolar  ambient  sp-Si,  lead  to  an  identical  PL  wavelength. 

It  was  further  observed  that  a red  shift  of  the  PL  peak  wavelength  is  obtained  for 
samples  which  has  been  spark-processed  at  250°C  by  externally  heating.  Finally,  sp-  Si 
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Fig.  4.10  Experimental  setup  and  resulting  PL  spectra  of  bipolar  spark-processed  Si 
treated  at  various  positions  in  an  environment  slightly  above  liquid 
nitrogen. 
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produced  in  the  slightly  cooled  environment  (which  exists  above  liquid  nitrogen)  shows  a 
blue  shift  to  488  nm  (2.54  cV).  Under  this  condition,  the  heat  removal  during  sparking  is 
probably  not  substantially  more  efficient  than  in  an  uncooled  gaseous  environment  due  to  the 
lack  of  sufficient  convection.  Still,  this  somewhat  lower  processing  temperature  causes  a 
noticeable  blue  shift  of  the  PL  maximum.  Attempts  to  use  unipolar  sparking  in  the  gaseous 
environment  which  exists  above  liquid  nitrogen  have  failed.  The  sp-  samples  shatter  into 
small  pieces  due  to  thermal  shock.  Both  bipolar  as  well  as  unipolar  "ambient"  spark 
processing  under  comparable  experimental  conditions  leads  to  virtually  identical  PL  peak 
wavelengths  as  shown  in  Fig.  4.9  (b). 

The  largest  blue  shift,  however,  is  observed  when  a stream  of  compressed  air  is 
directed  toward  the  front  surface  of  a silicon  wafer  during  spark  processing.  The  temperature 
of  reverse  side  of  wafer  was  maintained  at  room  temperature  during  spark  processing  as 
monitored  by  thin  thermocouple.  The  PL  peak  is  located  at  410  nm  (3,02eV)  as  shown  in 
Fig.  4.9  (b).  This  is  the  "bluest"  PL  involving  Si  ever  observed. 

It  is  concluded  from  these  experiments  that  the  peak  maxima  in  the  PL  spectra  of  sp- 
Si  seems  to  be  dependent  on  the  temperature  at  which  the  spark  processing  is  conducted. 

It  is  implied  in  Fig.  4,9  that  sp-Si  has  an  excitation  wavelength  dependence  on  the  PL 
peak  position.  In  order  to  investigate  this  further,  a number  of  excitation  wavelengths  have 
been  employed.  Fig.  4.1 1 (a),  (b)  and  (c)  depict  a detailed  PL  peak  position  dependence  on 
the  excitation  wavelength  for  an  air  cooled  ("blue")  sample  and  an  ambient  cooled  ("green") 
sample,  respectively.  Various  excitation  wavelengths  are  utilized,  such  as  the  325  nm  line  of 
a He-Cd  laser,  365  nm,  and  400  nm  lines  from  a Ti-sapphire  laser,  and  the  488  nm  and  514.5 
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Fig.  4. 1 1 Dependence  of  the  PL  peak  wavelength  on  the  laser  excitation  wavelength 
of  sp-  Si.  (a)  sp-Si  in  a continuous  air  stream  (blue),  (b)  ambient  sp-Si 
(green)  at  various  pumping  wavelengths , and  (c)  PL  spectra  obtained  for 
blue  and  green  sample  using  a 365  nm  excitation  wavelength. 
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Fig.4. 1 1 Continued 
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nm  lines  from  an  Argon  ion  laser.  All  of  the  PL  intensities  are  normalized  due  to  the 
difficulty  in  comparing  different  laser  intensities  and  the  experimental  setups  for  each 
measurement.  Fig.  4.12  depicts  the  PL  peak  wavelength  as  a function  of  the  excitation 
wavelength.  It  is  observed  that  the  higher  the  excitation  energy,  the  shoter  the  PL  peak  for 
both  "blue"  and  "green"  sp-  Si.  For  both  samples,  however,  the  PL  peak  shifts  eventually 
approach  a saturation  value  while  fbr  the  "green"  sample  is  reached  at  somewhat  lower 
energies  than  for  the  blue  sample. 

It  is  further  observed  in  Fig.  4. 1 1 (b)  that  the  "green"  sample,  possesses  a 
pronounced  tail  into  the  red  spectral  region  when  excited  with  488  nm,  in  contrast  to  the 
"blue"  sample  (Fig.  4.1 1 (b)). 

For  comparison  under  identical  experimental  conditions,  highly  luminescing, 
anodically  etched,  porous  silicon  sample  were  provided  by  two  leading  scientist  in  the  field. 
(SPIRE  corporation  and  Dr.  Fauchct,  University  of  Rochester).  These  specimen,  which  were 
always  measured  immediately  befbre  or  subsequent  to  our  sp-  Si  material  will  be  named 
AEPS  1 and  AEPS  2 . (Doping  and  processing  conditions  for  these  samples  arc  not  known 
tons). 

Fig  4.13  shows  a comparison  of  a series  of  photoluminescence  spectra  under  identical 
conditions.  The  PL  maxima  have  been  normalized  to  air  blown  sp-  Si  (curve  'a' ).  The  power 
density  was  0.3W/cm2.  Both  anodically  etched  porous  silicon  samples  display  the  usual  PL 
maxima  near  650  nm  (curves  ‘d*  and  'e')  In  contrast  to  this,  air  blown  sp-  Si  has  a PL  peak 
maximum  near  410  nm,  which  is  in  the  violet  spectral  region  (curve 'a').  It  is  observed  that 
anodically  etched  porous  silicon  and  air-blown  sp-  Si  samples  initially  have  comparable  PL 
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Fig.  4 .12  Summarized  dependence  of  the  PL  peak  wavelength  on  the  laser  excitation 
wavelength  on  the  PL  peak  wavelength  (a)  sp-Si  in  a continuous  air  stream 
(blue),  (b)  ambient  sp-Si  (green). 
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Fig.  4.13  Room  temperature  photoluminescence  spectra  of  4hr  spark-processed 

silicon  performed  by  using  a 325  nm  Hc-Cd  laser  and  a power  density  of 
0.3W/cm!.  (a)  air-cooled  ,(b)  ambient  air  (-100°C),  (c)  air-cooled  and 
annealed  at  900°C  for  3 hrs,  (d)  and  (e)  are  anodicallv  etched  porous  silicon 
(AEPS  1 and  AEPS  2,  respectively),  (f)  AEPS  1 annealed  at  1 100"C  for  3 
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the  anodically  etched  samples  were  found  to  decrease  substantially  with  time  under  UV  laser 
radiation  (see  below).  To  minimize  the  UV  exposure,  anodically  etched  samples  have  been 
scanned  between  500  to  850  nm  only. 

Fig.  4.13  curve  V reiterates  that  spark  processing  under  "ambient"  conditions 
produces  a PL  maximum  in  the  green  area  (520  nm).  It  is  also  seen  that  the  PL  intensity  is 
decreased  by  one  order  of  magnitude  compared  to  the  blue  sample  ("a").  Once  the  air-blown 
sp-Si  has  been  annealed  at  900°C  for  3 hrs,  the  PL  maximum  wavelength  does  not  change 

'cl.  We  have  also  studied  the  AEPS  sample,  which  was  annealed  after  anodic  etching  for 
2min  at  1 100°C.  There  is  a strong  blue  shift  compared  to  curves 'd'  or  'e'  with  a PL  maximum 

four  orders  of  magnitude  smaller  than  that  for  air-blown  sp-Si.  The  data  are  summarized  in 
Table  4.1. 

Fig.  4.14  shows  the  decrease  in  the  PL  peak  intensity  as  a function  of  time  after 
various  photoluminescing  samples  have  been  exposed  to  325  nm  He-Cd  UV  laser  radiation, 
applying  a laser  power  density  of  0.3  W/cm1.  It  is  observed  that  in  the  given  time  interval 
sp-Si  prepared  in  air  essentially  remains  stable,  whereas  AEPS  rapidly  loses  its  PL  intensity 
by  about  one  or  two  orders  of  magnitudes.  Interestingly  enough,  sp-  Si  processed  in  nitrogen 

have  been  performed  by  increasing  the  laser  power  density  in  several  steps  up  to  two  orders 
of  magnitude  which,  of  course,  yields  increased  PL  outputs.  The  data  provided  in  Table  4. 1 
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Fig.  4. 14  Decrease  of  PL  intensity  as  a function  of  exposure  time  to  325  nm  laser 
light  (0.3WA»*).  (a)  air  blown  sp-  Si  ,(b)  sp-  Si  in  ambient  air.  (c)  air 
blown  sp-  Si  subsequently  annealed  in  air  at  900°C  for  3 hrs.  (d)  sp-Si  in 
ambient  nitrogen,  (e)  AEPS  (1),  (f)  AEPS  (2). 
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show  that  the  difference 
higher  laser  power  densities  are  applied.  As  an  example,  the  PL  intensity  for  AEPS  2 is  nearly 
three  orders  of  magnitude  smaller  than  that  for  air  blown  sp-  Si  if  a laser  power  density  of  34 
W/cnr  is  applied.  Recall  that  for  a laser  power  of  only  0.3W/cm2  the  PL  intensities  of  sp-  Si 
and  AEPS  are  initially  comparable. 

The  thermal  stability  of  sp-Si  was  measured  after  1 min  annealing  in  nitrogen  at 
various  temperatures.  Fig.  4. 1 5 displays  the  PL  peak  maximum  wavelength  as  a function  of 

1000°C  and  90O°C . respectively.  The  PL  peak  intensity  is  also  relatively  stable  for  the  blue 
sample  up  to  800°C  (see  Fig.  4.16  (a))  after  which  the  intensity  decreases  steadily  by  up  to 
60%.  Interestingly  enough,  the  green  sample  Fig  4. 16  (b)  shows  an  increase  in  intensity  after 
500°C  annealing. 

In  order  to  investigate  the  PL  response  of  sp-Si  on  HF  etching  a series  of  pertinent 
experiments  were  conducted.  A buffered  oxide  etch  (NH,F  40%  6 part,  HF  I part)  was 
utilized.  The  photoluminescence  peak  maxima  of  sp-  Si  as  a function  of  total  etching  time  is 
shown  in  Fig  4. 1 7.  A buffered  oxide  etch  (NH,F  40  % 6 part,  HF  1 part)  was  utilized.  The 

becomes  stronger  and  eventually  reaches  a constant  value  at  about  460  nm  (circles  in  Fig. 
4.17).  The  green  sample  on  the  other  hand  shows  a relatively  constant  peak  position  for 
up  to  30  min  of  etching  after  which  a strong  blue  shift  is  observed  up  to  1 hr  etching.  This  is 
followed  by  a renewed  red  shift  to  an  equilibrium  value  at  460  nm  quite  similarly  to  the  blue 
ncscing  samples  behave 
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Fig.  4.15  PL  peak  maxima  as  a funciion  of  temperature  alter  a 1 min  annealing  in 
N,.  (a)  air  blown  sp-Si  ("blue”  sample),  (b)  sp-  Si  in  ambient  air  ("green" 
sampie).(Unidircctional  spark  processing;  spark  processing  time:  4 hrs). 
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(a)  "blue"  sample 


(b)  "green"  sample 


0 200  400  600  800  1000  1200  1400 

Temperature  (“C) 


Fig.  4. 16  PL  intensity  of  sp-Si  as  a function  of  temperature  after  1 min  anneal  in  NJ( 
(a)  air-  blown  sp-Si,  (b)  sp-Si  in  ambient  air.  (Unidirectional  spark 
processing) 
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Fig.  4. 17  PL  peak  maxima  of  sp-Si  as  a function  of  total  etching  time  A buffered 
oxide  etch  ( 6 parts  40  % NH,F,  1 part  HF)  was  utilized.  The  open  and 
solid  data  points  represent  different  runs  under  otherwise  identical 
experimental  conditions.  (Unipolar  spark  processing;  spark  processing 
time:  4 hrs). 


identical  after  about  2 hours  etching  time  (see  also  variation  of  spark  processed  layer 
thickness  with  etching  in  Fig.  4.30  ). 

The  change  in  photolumincscencc  intensity,  measured  at  the  PL  peak  positions  for 
various  etching  times  are  shown  in  Fig.  4.18.  Both  the  blue,  as  well  as  the  green  show 
initially  an  increase  in  PL  intensity  after  a short  etching  time  (3min),  and  then  gradually 
decrease  in  PL  intensity  with  further  etching  by  about  two  order  of  magnitude. 

The  decay  dynamics  of  sp-Si  was  measured  with  a synchronously  pumped  picosecond 
dye  laser  (pulse  duration  2-3  ps).  Fig.  4. 19  (a)  shows  these  time  resolved  spectra  which  were 
obtained  at  470  nm.  Both  blue  (a)  and  green  (b)  sp-Si  shows  a fast  decay  (<5ns).  For 
comparison  the  equivalent  data  for  anodically-etched  p-Si  (c),  which  was  oxidized  for  2min 
at  1 100  °C,  is  also  shown.  Both  type  of  processing  techniques  (spark-processing  as  well  as 
anodically  etching  with  subsequent  rapid  thermal  heating)  yield  similar  decay  times  in  the 
nanosecond  range.  The  PL  decay  time,  which  is  measured  both  at  green  as  well  as  red 
region,  is  also  fast  (<5ns)  for  the  blue  as  well  as  the  green  sample  as  shown  in  Fig.  4.20. 

In  order  to  examine  a realization  of  electroluminescence  from  sp-Si,  thin  gold  film 
(about  500A)  were  deposited  on  the  sp-Si  by  thermal  evaporation.  Strong,  violet  light 
emission  was  observed  when  several  hundreds  DC  voltage  was  applied.  Fig.  4.21  (b)  depicts 
emitted  light  spectrum  along  with  low  pressure  N,  plasma  and  UV  line  emission  from 
anodically  etched  porous  Si  [Koz93]. 

Up  to  now  we  concentrated  on  our  attention  to  spark-processing  of  Si.  The  question 
then  arises  whether  or  not  other  semiconductors  would  display  similar  PL  when  spark 
processed.  These  experiments  will  be  presented  below.  Fig.  4.22  displays  typical  PL  spectra 
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Fig.  4. 18  PL  intensity  of  sp-Si  as  a (unction  of  total  etching  time.  Open  and  closed 
data  points  represent  different  runs  under  otherwise  identical  experimental 
conditions  (Unidirectional  spark-processing;  spark  processing  time:  4 hrs) 
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Fig.  4. 1 9 Time  resolved  spectra  of  (a)  air  cooled  sp-  Si  (b)  sp-  Si  in  ambient  and  (c) 
anodically  etched  porous  silicon  subsequently  oxidized  in  dry  oxygen  for  2 
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Fig.  4.20  Time  resolved  spectra  of  blue  and  green  luminescing  sp-Si  measured  at  (a) 
470  nm , (b)  550  nm,  and  (c)  680  nm. 


Wavelength  (nm) 


Fig.  4.21  Emission  spectra  of  (a)  low  pressure  N;  plasma  and  porous  silicon  [Koz93], 
(b)  sp-Si. 
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Fig.  4.22  PL  spectra  of  spark-processed  Ge,  GaAs  and  Si  processed  and  measured  in 
ambient  air.  excited  by  a 325  nm  He-Cd  laser  at  a power  density  of  1 


for  spark-processed  Ge,  GaAs 


(air)  and  wilh  a duration  of  lhr.  No  PL  was  detected  (within  the  displayed  wavelength 
range  of  Fig.  4.22)  in  unsparked  reference  samples. 

Sp-Gc  was  observed  to  display  the  largest  blue  shift  compared  to  its  indirect  bandgap 
energy  of  0.67  eV.  Repeated  spark-treatments  (also  done  under  slightly  altered  conditions, 
i.e.  lower  temperature,  higher  oxygen  supply)  did  not  change  the  PL  maximum  wavelength, 
which  is  centered  at  4 16  nm  (2.98  eV).  The  PL  intensity  and  spectral  output  was  observed 
to  be  essentially  homogeneous  across  the  grayish  looking  center  area  of  the  spark-processed 
Ge. 

homogeneous.  The  GaAs  PL  spectrum  depicted  in  Fig,  4.22  represents  an  average  value  not 
only  with  respect  to  the  intensity  but  also  with  regard  to  the  maximum  wavelength.  PL  peaks 
were  observed  in  a wavelength  range  between  430  nm  to  570  nm  (2.88-2.18  eV).  The 
intensity  increases  when  the  PL  maximum  shills  to  lower  wavelengths,  but  remains  in  all  cases 

In  order  to  compare  our  presented  results  with  that  of  Si-O  related  luminescence,  we 
Si-0  compounds.  These  were  produced  by  sputtering,  vapor  deposition,  or  ion  implantation. 


‘ depicted  in  Fig. 
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Fig.  4.23  Room  temperature  PL  spcclra  of  several  Si-0  compounds  measured  under 
identical  conditions.  The  non-stoichiometry  statements  below  are  derived  from 
FTIR  measurements  (a)sp-  Si  4 hr  w/air  (blue);(b)  sputtered  SiO,  on  Si 
(thickness  - 3pm)  (non-stoichiometric);  (c)  sputtered  SiOj  on  fused  silica 
(non-stoichiometric);  (d)  vapor-deposited  SiO  on  Si  (non-stoichiometric);  (e) 
ion  implanted  0~>  fused  SiO,  (25KcV.  2*10“  cm'0;  (0  ion-implanted 
Si-*fiiscd  SiO,  (25KeV,  2x10“  cm'2);  (g)  ion  implantation  of  Si— »Si 
(25KeV,  2*10“  cm'!);  (h)  fused  SiO,  (only  background  signal) 
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4.23.  The  PL  intensity  of  unidirectional,  air-blown  sp-  Si  sample  was  at  least  three  orders  of 
magnitude  larger  than  that  of  Si-O  related  materials.  High  purity  SiO,  (fused  silica)  shows  no 
PL  signal  at  all  under  the  present  experimental  conditions.  Furthor,  the  PL  spectra  depicted 
in  Fig,  4.23  are  mostly  different  in  shape  compared  to  those  for  sp-  Si.  (An  exception  exist 
for  sputtered  SiO:  laid  down  on  fused  silica,  which  involves  a technique  that  resembles  spark- 
processing  to  a certain  degree.  But  still,  the  PL  intensity  is  even  there  more  than  three  orders 
of  magnitude  smaller  than  that  for  sp-  Si.) 

4,1,3  Si-C  related  luminescence 

Fig.  4.24  depicts  the  bidirectional  spark-processed  Si  in  a slightly  cooled  environment 
(which  was  sparked  in  a CO:atmosphere  provided  by  dry  ice).  On  the  contrary  to  ambient  sp- 
Si,  it  is  observed  the  peak  position  is  somewhat  shifted  to  570  nm  and  show  two  peak 
structure.  The  insert  spectrum  is  deconvoluted  on  the  basis  of  Gaussian  curves.  The  peak 
positions  were  467  nm  (2.66  eV)  and  570  nm  (2.17  eV),  respectively. 

We  have  also  conducted  the  PL  measurement  on  bulk  SiC  as  well  as  sp-SiC.  It  is 
observed  that  bulk  SiC  has  peak  position  in  UV  region  and  red  region.  Both  Sp-SiC  exhibit 
more  than  two  orders  of  magnitude  increase  in  PL  intensity  compared  to  bulk  SiC. 
Interestingly  enough,  air-cooled  SiC  displays  two  peak  structure  as  illustrated  in  Fig.  4.  25. 

In  order  to  compare  our  sp-Si  result  with  that  of  Si-C  related  luminescence,  carbon 
implantation  is  implemented  (80  KeV,  dose  of  IxlO'Vcm3).  The  comparison  of  PL  spectra 
is  depicted  in  Fig.  4.  26.  The  PL  spectrum  of  C implanted  sample  is  different  in  shape 

magnitude  smaller  than  that  for  sp-Si. 
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Fig.  4.24  PL  spectra  of  bipolar  sp-Si  in  a CO.  atmosphere  provided  by  dry  ice.  The 
solid  and  dotted  line  of  curve  (a)  represent  different  runs  under  otherwise 
identical  conditions.  The  insert  (b)  shows  the  deconvolution  of  spectrum  (a) 
on  the  basis  of  Gaussian  curves.  (Bipolar  spark  processing;  spark  timc:l  1.50 
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Fig.  4.25  PL  spectra  of  (a)  bulk  SiC , (b)  sp-SiC  in  ambient  air , (c)  air-cooled  sp- 
SiC.  (Unipolar  spark  processing;  spark  process  time  : 4 hrs) 


1.2 


Fig.  4.26  Comparison  of  PL  for  of  (a)  blue  luminescing  sp-Si  and  (b)  ion-implanied 
C-  Si  (80KeV,  2x1  O'6  cm'2) 


1)  Strong,  visible,  room  temperature  PL  can  be  obtained  from  Si  by  exposing  Si  to  a "dry" 
spark-processing, 


2)  The  PL  peak  maxima  of  sp-  Si  depend  on  the  temperature  at  which  spark  processing  is 
conducted.  It  can  be  varies  from  extreme  blue  (410  nm)  to  the  red  (640  nm). 

3)  The  strongest  blue  (4 1 0 nm)  and  photoluminesccncc  can  be  obtained  by  blowing  air  on 
silicon  during  spark-processing. 

4)  The  pumping  wavelength  has  a definite  influence  on  the  PL  spectra  of  sp-  Si. 

5)  The  PL  intensity  of  sp-  Si  and  that  of  anodically  etched  porous  Si,  when  excited  at  325  nm 
in  the  low  W/cm2  range,  are  initially  comparable. 

6)  The  PL  intensity  of  sp-Si  are  stable  under  UV  radiation  in  contrast  to  anodically  etched 
porous  Si. 

7)  Sp-  Si  possess  thermal  stability  with  respect  to  its  PL  intensity  up  to  900°C  (blue  sp-Si) 

8)  Sp-  Si  displays  a fast  response  time  (t  < 5 ns). 

9)  Strong,  visible  room  temperature  PL  can  be  also  obtained  from  other  semiconductors  (such 
as  Ge,  GaAs  and  SiC). 

10)  The  PL  intensity  of  sp-Si  is  at  least  3 orders  of  magnitude  larger  than  that  of 
stoichiometric  or  non-stoichiometric  compounds. 

1 1 ) We  have  observed  a strong  blue  glow  discharge  emission  from  sp-Si  when  several 


12  Microstructural  Sludv  of  so-  Si 


Fig.  4.27  shows  several  scanning  electron  micrographs  (SEM),  which  has  been 
bidirectionally  spark-processed  for  24  hours.  Specifically,  they  represent  (a)  cross-section  of 
n-type  Si,  (b)  plan  view  of  n-type  Si,  (c)  p-type  Si.  Both  n and  p-type  silicon  reveal  similar 
microstructurcs,  i.e.  macropores  and  columnar  structures  of  macropores.  Higher 
magnification  of  scanning  electron  micrographs  are  shown  in  Fig.  4.27  (d)  and  (e)  for  n-  type 
sp-  Si.  The  plan  view  SEM  of  Fig.  4.27  (c)  depicts  silicon  clusters  which  are  on  the  average 
70  nm  in  diameter,  and  10-200  nm  in  width.  However,  finer  micropores,  not  resolved  by 
SEM,  may  still  additionally  be  present.  Unidirectional  sp-Si  show  similar  microstructure 
compared  to  that  of  bidirectional  spark  processing  Interestingly,  the  microstructure  can  be 
changed  by  varying  the  frequency  of  the  sparks. . It  is  seen  there  that  lower  spark  frequencies 
produce  larger  agglomerates.  These  results  are  depicted  in  Fig.  4.28.  It  needs  to  be 
emphasized  that  SO  Hz  spark-processed  Si  has  not  been  observed  to  exhibit 
photolumincscence  in  the  visible  region  (see  also  Fig  4.5). 

Fig.  4.29  depicts  bidirectional  spark-process  layer  thickness  as  a function  of  spark- 
process  time,  which  is  determined  by  utilizing  cross-section  of  SEM.  A growth  rate  of  3pm/ 
hr  is  observed. 

Fig.  4.30  demonstrate  a variation  of  unipolar  sp-Si  thickness  as  a function  of  buffered 
oxide  etching  time.  Thickness  variation  was  monitored  by  DekTak.  Sp-Si  displays  the 
buildup  of  some  materials  as  depicted  in  Fig  4.30  curve  (a).  The  removal  of  material  was 
fast  up  to  5 hrs  etching  (curve  (e)).  It  was  observed  that  the  etching  rate  was  more  than 
lOpm/hr  up  to  5 hours.  The  removal  of  material  was  retarded  for  further  etching  up  to  20 


Fig.  4.27  continued 


Fig.  4.28  Scanning  eleclron  micrographs  of  bipolar  sp-  p-type  Si.  (a)  50  Hz,  12  hrs 
(b)  70  KHz  for  24  hrs  in  air 
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Fig.  4.30  The  deviation  of  spark-processed  layer  as  a function  of  buffered  HF 
etching  (a)  as  prepared . (b)  30  min , (c)  5 hr  and  (d)  20  hrs.  The 
measurements  were  taken  on  a DekTak  thickness  profilometer.  Unipolar 
spark  processing 


hours  (curve  (d)) . 

Fig.  4.31  displays  an  alomic  force  micrograph  (AFM)  for  4 hr  unidirectional  sp-  Si. 
Again,  distinct  agglomerates  which  are  rounded  on  the  surface  and  which  are  divided  by 
"deep  valleys”  can  be  observed. 

In  order  to  investigate  sp-Si  at  even  higher  magnifications,  we  prepared  some  high 
resolution  transmission  electron  micrographs.  Fig.  4.32  (a)  shows  crystals  of  various  sizes 
(upper  part)  surrounded  by  an  amorphous  matrix.  Some  single  crystalline  particles  in  the 
nanometer  range  have  been  marked  by  circles.  The  electron  diffraction  pattern  shown  in  Fig 
32  (b)  was  taken  horn  the  crystalline  area  and  indicates  polycrystallinity.  The  radii  correspond 
to  the  d spacing  of  silicon.  Fig  4.32  (c)  depicts  an  electron  diffraction  pattern  from  the  lower 
part  of  Fig  32  (a).  It  is  typical  of  an  amorphous  material.  We  have  performed  x-ray  energy 
dispersion  spectroscopy  (EDS)  on  the  crystalline  as  well  as  the  amorphous  area,  and 
compared  these  spectra  with  those  of  relevant  standards.  It  has  been  found  that  the 
amorphous  area  consists  of  SiO.  (that  is,  ofil  of  amorphous  silicon)  and  that  crystalline  area 
consists  of  Si.  In  other  words,  our  results  suggest  that  spark-treatment  of  silicon  wafers 
produces  some  Si  nano-crystallites  surrounded  by  a SiO,  matrix.  By  close  inspection  of  Fig. 
4.32  (a),  one  notices  that  the  { 1 1 1 ) planes  of  silicon  nanocrystallites  are  considerably  rotated 
with  respect  to  each  other.  The  diffraction  patterns  in  Fig.  4.32  (b)  confirm  this  random 
orientation  of  lattice  plane,  that  is,  the  polycrystallinity. 

X-ray  diffraction  measurements  have  been  conducted  on  untreated  silicon  as  well  as 
on  sp-  Si  as  shown  in  Fig.  4.33.  Pure  Si  shows  only  the  strong  (400)  peak  which  is 
characteristic  for  a ( 1 00)  wafer.  If  however,  spark-  processed  Si  is  investigated,  weak  (111), 
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Fig.4.32  Transmission  electron  micrographs  (a)  and  selected  area  electron  diffraction 
patterns  (b)  and  (c)  of  spark  processed  Si.  Some  nanocrystals  are  marked  by 
circles.  (Cr=crystalline;  am=amorphous) 
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(220),  and  (3 1 1)  peaks  appear  (see  step  scans  depicted  as  inserts).  These  peaks  are  routinely 
observed  for  polyciystallinc  Si  in  or  on  the  formerly  single  crystalline  samples.  This  X-ray 
diffraction  measurement  confirms  the  conclusion  obtained  by  TEM. 

4.3  Surface  Composition  Studies 

We  conducted  X-ray  photoelectron  spectroscopy  (XPS)  on  spark-  processed  and  on 
untreated  n-  and  p-  type  silicon  wafers.  As  seen  in  Fig.  4.34,  unsparked  Si  show  a binding 
energy  of  lOOeV  as  expected  for  Si.  However,  spark-  processed  Si  exhibits  features  which 
are  characteristic  for  SiO,  (peak  maxima  near  103.4eV).  as  compared  to  the  2p  peaks  of  data 
obtained  from  the  handbook  of  X-ray  photoelcctron  Spectroscopy.  From  XPS  measurement, 
it  can  be  concluded  that  there  is  a presence  of  SiO,  on  the  surface  or  inside  in  spark- 


(FT1R)  was  employed.  Various  IR  spectra  of  sp-  Si  can  be  found  in  Fig.  4.35  along  with  the 

blown,  (b)  ambient  spark-processed,  and  (c)  air  blown/annealed  sp-  Si  was  detected  except 
for  a change  in  the  OH  stretching  vibrational  mode  between  3400  and  3580  cm'1 . Specifically, 
less  OH  stretching  vibrational  mode  involvement  can  be  found  from  ambient  sp-  Si.  The  OH 
stretching  vibrational  mode  is  further  decreased  after  900"C  annealing.  An  additional  vibration 
near  3380  cm'1  (Fig.  4.35)  to  our  knowledge  has  not  been  reported  in  the  literature  as  a Si-O- 
H involved  mode.  It  occurs  regardless  of  the  fact  that  either  the  FTIR  measurements  are 
conducted  in  air  or  in  nitrogen,  and  regardless  of  temperature  or  environment  in  which  spark- 
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Fig.  4.34  X-ray  photoelectron  spectroscopy  of  n-  and  p-  type  silicon  and  24  hr  bipolar 
spark-  processed  silicon. 
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Fig.  4.35  Fourier  transform  infrared  spectra  of  sp-  Si.  (a)  air  blown  sp-  Si,  (b)  ambient 
sp-Si  (c)  air  blown  sp-Si  with  subsequent  annealing  at  900°C  for  3 hrs  and 
(d)sp-Si  in  nitrogen.  The  vibrational  modes  arc  downward  for  transmission 
and  upward  for  reflection. 


processing  has  been  conducted.  SIMS  measurements  also  reveal  that  a trace  of  nitrogen  is 
present  in  sp-  Si  (IxIO^cm'’).  whereas  no  nitrogen  is  detected  in  unsparked  samples.  This 
unknown  peak  is  thus  assigned  to  a nitrogen-related  vibrational  mode. 

The  weak  2950  cm’1  vibration  can  be  assigned  to  a carbon-related  vibrational  mode. 
It  stems  probably  from  exposing  sp-Si  to  air  which  is  known  to  yield  some  carbon 
contamination.  The  same  vibrational  mode  can  be  also  found  in  samples  which  have  been 
annealed  at  900*0  for  3 hrs.  Ion  milling  for  a short  lime  removes  this  carbon  contamination 
(see  Fig.4.36 ). 

Silicon  which  has  been  spark-processed  in  nitrogen  does  not  show  the  characteristic 
signature  of  the  Si-0  vibrational  mode,  as  expected  (Fig.  4.35  (d)).  Since  the  amount  of 
hydrogen  and  water  is  extremely  small  in  ultra  high  purity  nitrogen,  no  OH  stretching 
vibrational  mode  between  3400  and  3580cm'1  can  be  detected  in  this  FTIR  spectrum.  Still 
silicon,  spark-processed  in  a nitrogen  atmosphere,  shows  strong  PL,  but  less  stability  than 
Si  spark-processed  in  air  (Fig.4. 14(d)). 

The  amount  of  stoichiometry  SiO,  or  non-stoichiometry  in  SiO,  can  be  differentiated 
by  inspecting  the  Si-O  stretching  vibrations  between  1050  and  1 1 70  cm'1 . ( The  splitting  of 
the  Si-O-Si  stretching  peak  in  Fig.  4.35  stems  from  an  artifact  caused  by  a specific  type  of 
reflection  called  the  Restrahlen  effect  [Gri82].)  In  order  to  further  investigate  this  point, 
infra-red  microscopy  was  employed  in  this  wavenumber  region  to  measure  the  specular 
reflection.  Fig.  4.37  shows  the  Si-0  stretching  vibrational  mode  for  the  relevant  samples 
used  in  this  study  in  particular  these  shown  Fig.  4.23.  The  stoichiometric  fused  SiO,  show 
Si-0  stretching  vibration  peak  at  about  1120  cm-1.  From  these  measurements,  it  is 
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Fig.  4.36  SIMS  depth  profie  ofC  content  for  unipolar  sp-Si  as  a fiinction  of 
sputtering  time. 
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Fig.  4.37  FTIR  spectra  of  the  S-0  stretching  vibrational  mode  for  various  Si-0 

related  materials,  (a)  sp-Si  4 hr  w/air  (blue),  (b)  sp-Si  4 hr  w/o  air  (green), 
(c)  sputtered  SiO,  on  Si  (thickness  ~3pm),  (d)  sputtered  SiO:  on  fused  silica, 
(e)  vapor  deposited  SiO  on  Si , (0  ton  implanted  0-*  fused  SiOj  (25KeV, 
2xl0“cm!),  (g)  ion  implanted  Si->fused  SiO,  (25  KcV,  2x10“  cm!),  (h)  ion 
implanted  0->Si  (25KeV,  2x10“  cm‘:)  and  (i)  fused  SiO, . 


concluded  that  both,  sp-  Si  and  Si,  O implanted  into  fused  SiO,  can  be  considered  to  be 
stoichiometric.  However,  sputter-deposition  of  SiO; , vapor-deposition  of  SiO  on  Si  results 
in  a non- stoichiometric  silicon  oxides. 

The  existence  of  nm-sized  particles  is  frequently  inferred  from  Raman-shift 
measurements.  We  have  also  conducted  Raman-shift  measurements  for  bulk  (untreated)  Si, 
amorphous  Si,  as  well  as  our  green-  and  blue-  luminescing  sp-  Si.  The  results  are  depicted 
in  Fig.  4.38.  Crystalline  Si  shows  a Raman  peak  at  521  cm'1  with  a relatively  sharp  full  width 
atha]fmaximum(FWHM)of4cm',.  In  contrast  to  this,  amorphous  silicon  shows  a Raman 
peak  at  about  475cm'1  with  a very  large  FWHM  of  90cm*1.  The  largest  Raman  shift  is 
observed  for  the  blue  luminescing  sp-  Si.  The  peak  maxima  are  512.4  and  518.7  cm*1  for 
green  sample  and  507.7  and  517.9  cm'1  for  blue  sample,  respectively.  The  peak  position  is 
determined  by  deconvolution  on  the  basis  of  Lorentzian  curves.  Additionally,  the  Raman 
spectra  for  blue-luminescing  sp-  Si  displays  a larger  FWHM  ( 24cm'1)  than  that  for  green  sp- 
Si  (14cm'1). 

Fig.  4.39  depicts  Raman  peak  shifts  for  Ge,  GaAs  and  Si  as  well  as  those  for 
respective  spark-processed  samples.  In  the  Si  and  Ge  cases,  a peak  shift  toward  lower 
wavemumbers  occurs  after  spark  processing.  The  phonon  signal  for  sp-  Ge  is  centered  at 
295.5cm-l,  which  amounts  to  a shift  of  4.5cm'1  compared  to  bulk  Ge.  The  full  width  at  half 
maximum  remains  relatively  sharp  at  4.3cm'1  (4.0cm  for  bulk  Ge).  The  Raman  spectrum  of 
sp-  GaAs  is  strongly  distorted  and  the  splitted  LO  and  TO  phonon  peaks,  typical  for  a 
crystalline  (100)  GaAs  surface,  were  no  longer  observable. 


Intensity  (a.i 


450  480  510  540 


Raman  Shift  (1/cm) 


Fig.  4.38  Room  temperature  Raman  shifts  (km=488  nm)  for  (a)  crystalline  Si,  (b) 

green-luminescing  sp-Si,  and  (c)  blue-luminescing  sp-Si.  The  peak  maxima  arc 
at  (a)  521  cm'1  (b)  512.4  and  518.7  cm  ',  (c)  507.7  and  517.9  cm1.  The  solid 
lines  through  the  experimental  points  represent  the  deconvolution  on  the  basis 
of  Lorentzian  curves.  Full  widths  at  half  maximum  (FWHM)  arc  . (a)  4 cm'1 
(b)  14  cm"'  (c)  24  cm'1 


CHAPTER  5 
DISCUSSION 


Anodically  elchcd  porous  silicon  (AEPS)  and  sp-  Si  show  interesting  similarities  and 
differences  in  some  of  their  properties  The  properties  found  in  this  study  are  as  follows: 

i)  Porous  Si.  which  is  usually  prepared  by  anodic  etching,  is  so  named  due  to  its 
porous  structure  and  large  surface  area  of  about  200  mVg  [Bom83],  This  name  can  be 
misleading,  however,  because  the  porous  structure  itself  does  not  lead  to  visible  PL.  The 
large  surface  area  and  complex  microstructure  of  AEPS  complicates  the  understanding  of 
luminescence,  which  is  essential  to  further  development  and  utilization. 

The  photoluminescing  sp-Si  displays  a porous-like  microstructure  similar  to  AEPS. 
However,  the  average  surface  area  of  sp-Si  is  about  3 nr/g  (from  BET  measurement),  which 
is  two  orders  of  magnitude  smaller  than  that  of  AEPS,  that  is,  sp-Si  is  a denser  material.  The 
significance  of  this  'dry1  spark  processing  technique  lies  partly  in  its  use  to  reveal  more 
information  about  the  origin  of  PL,  specifically,  to  eliminate  some  of  the  proposed 
mechanisms  of  PL.  Among  them  are  the  involvement  of  hydrogen,  fluorine,  and  siloxene. 
This  aspect  will  be  addressed  in  detail  later. 

ii)  Cathodic  etching  of  Si  docs  not  lead  to  silicon  dissolution,  and  therefore  cannot 
lead  to  the  formation  of  porous  silicon  w 


vhich  displays  photolumin 


This  behavior  is 


well  explained  by  Smith  and  Collins  [Smi92|. 

A unipolar  spark  process  leads  to  the  formation  of  porous-like  structure  with  a distinct 
directionality,  whereas  no  directionality  is  produced  by  a bipolar  spark  process.  No  porous 
morphology  can  be  found  from  unipolar  anodic  spark  processing  in  which  Si  is  biased 
positive.  This  observation  is  also  reported  by  Riiter  ct  a!  [Rilt93]. 

iii)  The  microstructure  study  of  AEPS  shows  both  column-like  structures  (quantum 
wires)  with  a diameter  of  about  3 nm  [Cul9l,Cul92]  and  particle-like  nanocrystals  (quantum 
dots)  of  about  a few  nm  to  20  nm  [Nak93,  Nis92b,  Cul92].  A small  rotation  of  Si  crystallites 
(4-6  degrees)  has  been  observed  by  Cole  ct  al  [Col92b]  and  is  attributed  to  some  strain 
which  is  believed  to  be  caused  by  the  anodization  process.  The  observation  of  Si  spheres 
with  the  same  crystal  orientation  indicates  that  the  nanocrystals  are  formed  by  etching  of  the 
Si  substrate.  According  to  a TEM  study  by  Nishida  ct  al  [Nis92b],  the  nanocrystalline  Si 
particles  are  covered  with  an  oxide  layer.  Canham  explains  that  these  particle-like 
nanocrystals  can  be  obtained  from  a quantum  wire  structure  after  oxidation  [Can93]. 

Our  TEM  studies  of  sp-  Si  (Fig.  4.32)  reveal  on  the  other  hand  that  nanocrystalhtes 
are  surrounded  by  an  amorphous  matrix  such  as  (amorphous  SiO.)  By  close  inspection  of 
Fig.  4.32  (a),  one  notices  that  ( 1 1 1 } planes  of  the  silicon  nanocrystallites  arc  considerably 
rotated  with  respect  to  each  other.  The  diffraction  rings  in  Fig.  4.32  (b)  confirm  this  random 
orientation  of  the  lattice  planes,  that  is,  polycrystallinity.  The  larger  rotation  in  our  sample 
leads  us  to  suggest  that  spark  processing  does  not  simply  erode  the  single  crystalline  wafer 
as  in  anodic  etching  but  instead  may  cause  localized  evaporation  and  redeposition  of  Si,  or 
local  melting  and  recrystallization,  or  possibly  mechanical  fracture  into  small  panicles  and 
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(d  nanocrysiallile  formation  would  be  a localized  evaporation  and 
redeposition  of  Si.  This  conclusion  is  supported  by  the  observed  dependence  of  the  PL  peaks 
on  the  processing  temperature  (sec  Fig.  4.9).  Specifically,  a lower  substrate  temperature 

The  above-mentioned  directionality  of  the  porous-like  morphology  resulting  from  a 
unipolar  spark  process  and  the  observation  of  randomly  oriented  Si  nanocrystallitcs  may  be 
explained  by  closer  description  of  the  spark  process.  It  is  argued  that  the  electric  field 

of  the  air.  The  positively  charged  gas  ions  are  then  accelerated  in  the  electric  field  toward  the 
negatively  charged  surface  (cathode)  and  thus  transfer  a high  momentum.  The  energy  of  a 
single  spark  event  is  difficult  to  estimate.  However,  the  spark  energy  density  is  certainly  very 
high  due  to  the  localized  spark  impact  and  the  very  short  duration  of  the  spark.  As  a 
consequence,  some  areas  of  the  Si  can  be  thought  to  undergo  localized  flash  evaporation. 
Since  the  applied  voltage  is  pulsed,  the  Si  vapor  redeposits  on  the  free  surface  during  off 

substrate  undergoes  rapid  oxidation  due  to  the  presence  of  ozone.  The  existence  of  ozone 

a dear  separation  between  the  nanocrystals  and  their  non-crystalline  matrix  as  seen  in  Fig. 
4.32.  No  epitaxial  growth  of  Si  nanocrystals  is  possible  due  to  the  non-crystallinity  of  the 
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iv)  The  existence  of  nm-sized  particles  is  frequently  inferred  from  Raman-shift 
measurement  [M(in92,  Tsu92,  Cam86,  Sui92,  Kan93],  Raman  peak  shifts  are  known  to  be 
caused  by  a phonon  confinement  in  the  microstiucture  and  correlate  with  particle  size.  The 
average  diameter  of  nanociystallites  can  be  evaluated  by  using  a spatial  correlation  model 
IRicSl,  Cam86,  Kan93],  The  detailed  calculation  procedure  is  well  established  and  can  be 
found  in  references  [Ric81.Cam86,  Sui92,  Kan93],  Fig  5.1  shows  the  results  of  calculations 
of  Raman  peak  shiftsfFWHM  as  a function  of  average  crystal  diameter  for  various  shapes  of 
crystals  [Sui92J. 

A broad  and  small  wavenumber  shift  of  the  Raman  peaks  is  usually  observed  for 
AEPS.  as  compared  to  those  of  c-Si  bulk.  Raman  peak  splitting  is  also  observed,  as  shown 
in  Fig.  2,17,  and  is  occasionally  interpreted  to  be  caused  by  a TO/LO  phonon  splitting 
[Tsu92]. 

We  conducted  Raman  investigations  for  bulk  Si  (untreated  Si)  as  well  as  for  grecn- 
and  blue-  luminescing  sp-Si.  In  Fig  4.38  we  observe  the  largest  Raman  shift  to  occur  for 
blue-luminescing  sp-Si.  This  suggests  that  blue-luminescing  sp-Si  contains  smaller 

luminescing  sp-Si  display  a larger  full  width  at  half  maximum  (see  Fig.  4.  38)  which  is 
generally  interpreted  to  be  due  to  a smaller  crystal  size  [Cam86,  Sui92].  From  these  spectra, 

luminescing  sp-Si  can  be  obtained  from  Fig.  5.1.  For  these  size  estimates,  a spherical  shape 
is  assumed  as  observed  in  Fig.  4.32.  It  should  also  be  pointed  out  that  the  Raman  spectra 
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commonly  associated  with  amorphous  Si  [Tsu92]  or  crystalline  quartz  [McM88]  Hence,  no 
substantial  contributions  from  amorphous  or  from  crystalline  quartz  to  the  PL  is  inferred. 

The  phonon  signal  for  sp-Ge  is  centered  at  295.5  cm'1,  which  amounts  to  a shift  of  4.4 
cm'1  compared  to  bulk  Ge  as  shown  in  Fig.  4.39.  Fujii  et  al  [Fuj90]  associated  a Ge  particle 
size  of  about  6 nm  to  the  above  peak  shift.  The  Raman  spectrum  of  sp-GaAs  is  strongly 
distorted  and  the  splitted  LO  and  TO  phonon  peaks,  typical  for  the  crystalline  (100)  GaAs 
surface,  were  no  longer  observable  as  depicted  in  Fig.  4.39.  This  behavior  may  be  caused  by 
an  altered,  nonstoichiomctric  composition  of  recrystallized  Ga  and  As  particles  in  the  sp- 
nanocrystals  of  compound. 

A word  of  caution  should  be  added  here.  It  is  possible  to  overestimate  the  size  of  the 
nanocrysrallncs  from  Raman  measurement  when  large  laser  power  densities  are  utilized.  It 
has  been  observed  that  high  porosity  Si  may  be  heated  up  by  the  investigative  laser  beam. 
The  heating  is  particularly  strong  in  porous  silicon  due  to  its  inferior  heat  conduction 
compared  to  that  of  bulk  silicon.  Heating  is  known  to  cause  a shift  of  the  phonon  frequency 
[M0n92],  Spark-processed  Si,  however,  consists  of  nanocrystals,  imbedded  in  SiOj  (as  TEM 
studies  of  Fig.  4.32  have  shown)  and  is  therefore  essentially  a denser  material  than  porous 
Si  Recall,  also,  that  the  surface  area  of  sp-Si  is  2 orders  of  magnitude  smaller  than  that  of 
AEPS.  Additionally,  our  applied  laser  power  density  (-400  W/cm1)  was  relatively  low.  Still, 
a certain  temperature  contribution  to  our  Raman-shift  data  should  not  be  completely  ruled 

v)  The  PL  spectra  of  AEPS  generally  have  peaks  between  640  nm  and  800  nm 
(depending  on  the  degree  of  porosity).  However,  there  is  an  increasing  number  of  reports  on 
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(he  blue  and  green  luminescence  from  AEPS  after  rapid  thermal  oxidation  [Kon94,  Tsy94, 
Zha94,  Kov94,  Cul94].  Chen  et  al  [Che93]  obsetvod  that  small  spots  on  the  surface  emit  very 
bright  blue  light  (~430nm)  from  as  prepared  AEPS.  Using  a post -treatment  of  light-emitting 
porous  Si  in  boiling  water  results  approximately  in  a blue-green  light  emission  at  a wavelength 
of  500  nm  (Hou93,  Wan93b], 

The  PL  spectra  of  sp-Si  have  maxima  between  550  nm  and  410  nm  when  sp-  Si  is 
excited  at  325  nm.  Fig  4.9  shows  that  the  PL  spectra  and  the  PL  maxima  of  sp-Si  are 
affected  by  the  temperature  at  which  spark-processing  is  conducted.  Specifically,  a colder 
substrate  temperature  scents  to  lead  to  a blue-shift  and  to  a larger  PL  intensity. 

It  has  been  speculated  by  other  investigators  [Leh91,  Col92b]  that  the  size  of  Si 
nanocrystallites  controls  the  color  of  the  emitted  light,  that  is,  the  peak-wavelength  of  the 
resulting  photoluminescence  spectrum.  Specifically,  a small  crystal  size  would  lead  to  a peak 
wavelength  which  is  shilled  toward  the  blue  region  compared  to  spectra  of  larger  crystallites. 

The  size  of  the  nanocrystallitcs  of  sp-  Si  depends  on  a multitude  of  parameters,  one 
of  them  being  the  substrate  temperature.  It  is  well  known  from  the  process  of  physical  vapor 
deposition  that  a low  temperature  favors  small  crystal  sizes.  The  same  is  assumed  in  the 
present  case  It  is  therefore  suggested  that  the  observed  blue-shift  of  those  samples  which 
have  been  spark-processed  at  lower  temperatures  is  causally  related  to  the  size  of  the  silicon 
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vi)  The  peak  wavelength  of  conventional  AEPS  stays  essentially  constant  under 
varying  excitation  wavelength  [Mot92,  Ste93], 

In  contrast  to  this,  it  is  observed  that  the  pumping  energy  has  a definite  influence  on 
the  PL  spectra  for  sp-Si.  Specifically,  the  higher  the  laser  excitation  energy  becomes,  the 
higher  the  PL  peak  energy  for  both  blue-  and  green-  luminescing  sp-Si  as  shown  in  Fig.  4.12. 

nanoctystalline  Si,  the  presence  of  surface  states  as  suggested  by  Koch  et  al  [Koc93],  or  the 
presence  of  various  luminescent  centers.  These  possible  interpretations  will  be  discussed  now. 

First,  assume  we  have  a certain  size  distribution  of  nanocrystalline  material.  A high 
pumping  energy  excites  both  smalt  and  large  nanocrystals.  However,  a small  pumping  energy 
would  only  excite  large  size  nanocrystals.  The  excited  nanosize  crystals,  then,  would  emit 
light  corresponding  to  their  respective  size.  The  resulting  PL  spectrum  would  be 
inhomogeneously  broadened  and  would  show  a shift  of  the  PL  peak.  Therefore,  the  PL  peak 
energy  dependence  on  excitation  energy  from  both  blue-  and  green-  luminescing  sp-  Si  may 
originate  from  the  size  distribution  of  nanoctystalline  Si,  where  blue-luminescing  sp-Si  has 
a smaller  average  diameter  than  green-luminescing  sp-Si,  as  found  in  Raman  studies.  Further 
evidence  for  this  postulate  would  be  that  high  wavelength  luminescence  (above  800nm)  can 
only  be  found  in  green  luminescing  sp-Si.  which  possesses  larger  size  nanocrytalline  Si  than 
does  blue-luminescing  Si,  when  excited  with  a small  pumping  energy  (see  Fig,  4.  1 1 (a)  and 
(b)at  = 514,5  nm). 

Second,  the  above  described  phenomenon  can  be  explained  by  a surface  state  related 
model  [Koc93],  A reconstructed  Si/disordered  Si  boundary  layer  provides  energy  states 
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(surface  stales)  smaller  than  the  fundamental  intrinsic  energy  gap  and  act  as  trapping  centers. 
Therefore,  it  is  possible  to  have  blue  PL  which  is  related  to  recombination  involving  "free” 
carriers  or  "tree"  excitons,  while  the  red  PL  line  is  associated  with  recombination  involving 
one  or  two  carriers  trapped  in  surface  states.  However,  this  surface  state  model  favors  a 
relatively  abtupt  shill  of  the  PL  peaks  with  various  pumping  energies  as  suggested  by  Koch 
et  al  [Koc93],  In  this  surface  state  related  model,  the  blue  luminescence  band  is  usually  fast 
due  to  band  to  band  transitions  (-ns)  and  the  red  luminescence  band  is  relatively  slow  due 
to  the  involvement  of  various  surface  related  transitions  (ps  ~ ms).  This  explanation  , 
however,  is  difficult  to  adapt  to  sp-Si  due  to  the  continuous  change  in  PL  peak  max  with 
excitation  energy  (sec  Ftg.4. 1 2)  and  the  very  fast  decay  time  in  both  the  blue  and  red  regions 
(<5ns)  as  shown  in  Fig,  4.20. 

A third  possible  explanation  would  involve  various  luminescence  centers  such  as 
complexes  of  Si  with  H.  O,  C,  OH.  or  I LO  For  example,  evidence  for  luminescence  center 
in  SiO,  are  given  in  the  literature  at  1.9  eV,  2,2  eV  and  2.7  eV  [Sku79,  Sta87,  lto90].  If 
luminescence  centers  were  the  principal  cause  for  the  PL  peak  energy  shift  with  various 
excitation  energies  it  would  be  very  difficult  to  assign  all  the  different  luminescence  centers. 

vii)  The  PL  intensities  of  sp-Si  and  AEPS,  when  excited  at  325  nm  in  the  lower  W/cm2 
range,  are  initially  comparable  as  shown  in  Fig.  4.13.  However,  the  differences  widen  if 
higher  laser  power  densities  are  used  as  shown  in  Table  4. 1 . The  PL  intensity  of  AEPS 
samples  decreases  substantially  with  time  under  UV  radiation  [Col92a,  Nis92a],  whereas  sp- 
Si  essentially  remains  stable  as  depicted  in  Ftg.  4.14.  A rapid  degradation  of  PL  intensity  is 
also  observed  when  AEPS  is  exposed  to  visible  light  [Tis92],  or  heat  [Koc92,  Xu92].  It  is 
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said  thal  freshly  prepared  AEPS  displays  efficient  luminescence  due  to  hydrogen  passivation 
The  loss  of  PL  intensity  is  ascribed  to  the  loss  of  hydride  [Tsa9l,  Tsa92]. 

It  might  be  helpful  in  this  context  to  consider  the  theory  of  luminescence  efficiency 
in  semiconductors  [Can93J,  as  follows.  The  internal  radiative  recombination  efficiency  (yj 

and  t,  is  the  radiative  carrier  life  time.  This  simple  expression  shows  that  there  are  two  ways 
to  realize  high  efficiency.  One  must  either  remove  all  non-radiative  processes  (i.e.,  make  i„ 
very  long)  or  generate  a very  fast  radiative  processes  (make  t,  very  short).  An  important 
place  where  non-radiative  recombination  in  semiconductors  originates  is  at  the  surface  The 
net  effect  of  the  surface  is  often  described  by  the  surface  recombination  velocity  (S)  S- 
°V» N„  where  VB  ~107  cm/s  is  the  carrier  thermal  velocity,  o-lff”  cm!  is  a typical 

the  bandgap  of  the  semiconductor.  Unless  highly  passivated  (S  is  low),  a surface  will  be  an 
effective  nonradiative  sink  for  excited  carriers.  The  N,  of  hydride,  thermal  oxide  and  native 
oxide  is  10\  10'°,  and  lO'Vcm7,  respectively.  Therefore,  hydride  passivated  or  oxide 
passivated  surfaces  lead  to  the  reduction  of  the  non-radiative  recombination  process. 
However,  the  hydride  passivated  surface  of  AEPS  is  thermodynamically  unstable.  Thus,  the 
hydride  passivated  surface  will  be  replaced  by  oxide  passivation.  From  this  it  can  be 

passivation.  The  strong,  stable  PL  from  sp-Si  can.  thus,  be  explained  by  taking  into 
consideration  that  the  Si  nanocrystallites  are  surrounded  by  a stable  oxide  layer.  The 
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confinement  of  carriers  inside  the  Si  crystals.  Furthermore,  the  oxide  passivation  layer 
reduces  the  non-radiative  recombination. 

The  stability  and  efficiency  of  the  PL  of  AEPS  can  be  enhanced  by  oxidation  [Shi93a, 
Shi93b,  Pro93,  Koc92,  Bat93],  An  efficient  PL  can  also  be  obtained  from  primarily  oxygen 
passivated  porous  Si  without  the  presence  of  hydrogen  [Via92,  Tsa93,  Pet92,  Yam92]. 

viii)  The  photoluminescence  decay  time  of  AEPS  is  observed  to  be  between  the  ps 
and  ms  range  at  the  orange-red  emission  band  [Tak94,  Wan93a,  Hoo92],  The  life  time  of 
dry-oxidized  Si  is  about  lOOps  [Tak94],  However,  rapid  thermal  oxidized  AEPS  at  700"C 

times.  Theorange-red  luminescence  component  (l.5-l.9eV)  displays  a decay  time  on  the 
order  of  10  ps  at  room  temperature.  The  blue-green  band  (2.3~2.6eV)  is  much  faster  with 
a response  time  in  the  10  ns  range  [Kov94],  The  rapid  thermal  oxidized  AEPS  at  1 000"C  for 

[Tsy94]. 

at  the  blue  (470  nm)  as  shown  in  Fig.  4.20  and  the  red  spectral  region  (650  nm). 

The  intrinsic  radiative  lifetimes  (t)  are  usually  given  as  e=l/(2BnJ,  where  n,  is  the 
number  of  intrinsic  carriers  and  B is  the  probability  for  radiative  recombination  [Pan7l], 
Table  5.1  shows  the  radiative  recombination  times  at  300K  for  the  various  semiconductors. 

The  lifetime  ranges  from  ps  to  ps  are  understandable  in  the  framework  for  direct- 
bandgap  material.  However,  lifetimes  longer  than  a ps  are  difficult  to  understand  within  the 
same  framework  which  assumes  that  the  quantum  size  effect  modifies  the  band  structure  to 


Table  5. 1 Radiative  recombination  of  various  semiconductors  [HaI59] 
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a quasi-direct  band-gap  material. 

viiii)  The  surface  chemical  bonding  characteristics  of  AEPS  have  been  extensively 
studied  by  Fourier  transform  infra-red  (FTIR)  spectroscopy  . 

AEPS  displays  vibration  spectra  which  involve  Si-Si  and  Si-0  vibrations  as  well  as  Si- 
ll bending  and  Si-H  and  Si-O  stretching  vibrations  [Fuc93].  AEPS  and  siloxene  show  similar 
vibrational  modes  [Fuc93,  Stu92].  The  vibrational  spectra  for  sp-Si  favor  those  modes  which 
involve  silicon-oxygen  bonds.  A summary  of  the  vibrational  modes  of  sp-Si,  AEPS,  and 
siloxene  is  given  in  Table  5.2.  Thus,  siloxene  is  not  involved  in  origin  of  PL  for  sp-Si. 

x)  AEPS  is  observed  to  lose  its  PL  intensity  by  annealing  between  300-400°C.  This 
coincides  with  desoiption  of  hydrogen  from  the  porous  silicon  surface  [Tsa9l,  Tsa92],  The 
sp-Si  shows  instead  a relatively  stable  PL  intensity  up  to  800”C  annealing  as  shown  in  Fig. 
4.16.  No  PL  intensity  degradation  can  be  found  between  300-400°C.  This  result  suggests 
that  hydrogen  is  not  involved  in  sp-Si.  This  is  also  supported  by  FTIR  measurement  (Table 
5.2).  The  thermal  stability  of  the  PL  inteasity  can  be  again  explained  by  the  fact  that 
nanociystals  are  surrounded  by  stable  passivating  oxide  (stoichiometric  or  near  stoichiometric 
SiOj ),  which  reduces  the  non-radiative  recombination.  The  stoichiometric  oxide  can  be 
inferred  horn  the  Si-O  stretching  vibrational  mode  obtained  from  infrared  microscopy  (IR.M) 
(see  Fig.  4.37)  and  XPS  as  shown  in  Fig.  4.34.  Furthermore,  the  stoichiometric  oxide  is 
deduced  from  fast  etch  rate  of  10  j/m/hr  up  to  5 hrs  in  buffered  HF  as  depicted  in  Fig,  4.30, 
whereas  the  etch  rate  of  thermally  grown  SiO,  is  6 jon/hr  [Sze88],  The  faster  etch  rate  of  sp- 

The  results  discussed  above  are  summarized  in  Table  5.3.  From  this  it  is  co 
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Table  5.3  Summarized  comparison  be 


nodically  etched  porous  Si 
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that  conventional  porous  Si  and  sp-Si  are  two  different  types  of  substances. 

5,2  Origin(s)..o.fPUrani  sp-Si 

In  the  past  three  years  during  which  this  research  has  been  conducted  much  has  been 

photoluminesces  is,  nevertheless,  still  in  doubt.  Below,  some  mechanisms  for  PL  in  sp-Si  are 
suggested.  A final  word  on  this  cannot  be  said,  however,  at  this  point. 

5.2.1  Molecular  chemisorption  related  luminescence 

Plain  Si  does  not  emit  visible  light  at  room  temperature  due  to  its  indirect  bandgap 
of  1.1  eV.  However,  Si  prepared  by  spark  processing  displays  (i)  strong,  blue,  room 
temperature  photoluminescence  (ii)  stable  PL  under  UV  radiation  or  thermal  treatment  and 
(ill)  a fast  response  time  (<5ns)  as  discussed  in  previous  sections. 

Sp-Si  shows  some  similarities  but  also  important  differences  compared  to  AEPS,  as 
summarized  in  Table  5.3.  Therefore,  some  of  the  suggested  theories  on  the  origin  of  PL  for 
AEPS  will  be  discussed  here  to  see  whether  or  not  they  might  apply  in  our  case. 

Anodically  etched  porous  silicon  possesses  a large  surface  area.  Therefore,  there  is 
a large  possibility  of  incorporating  a variety  of  chemicals  such  as  F,  H,  and  siloxene  into  the 

it  use  anodic  etching  in  hydrofluoric  acid.  The  involvement  of  F on  the  PL  from  sp-Si  can 
Hydrogen-involved  luminescence  for  AEPS  has  been  also  suggested  such  as  SiH, 


132 


related  luminescence  and  hydrogenated  amorphous  Si  (a-Si:H).  Hydrogen-terminated  surfaces 

of  non-radiative  recombinations.  The  loss  of  hydrogen  passivation  is  suggested  to  be  the 
cause  for  degradation  of  PL  under  UV  exposure  and  aging.  The  loss  of  the  PL  intensity 
between  300  and  400“C  is  compatible  with  hydrogen  loss  in  AEPS  [Ta91,  Tsa92], 

temperature  coincides  with  a shrinkage  of  the  optical  gap  ofa-Si:H  as  a function  of  heating 
due  to  hydrogen  loss  as  depicted  in  Fig.  2.8.  Therefore,  it  has  been  speculated  in  the  literature 
that  hydrogenated  amorphous  Si  may  be  the  cause  for  luminescence  in  AEPS. 

In  contrast  to  this,  sp-Si  displays  a stable  PL  intensity  under  UV  radiation  (as  shown 
in  Fig.  4.14)  and  under  thermal  annealing  in  a N,  atmosphere  (see  Fig.  4.16).  Further,  sp-Si 
shows  a lack  of  hydrogen  vibrational  mode,  whereas  AEPS  shows  the  hydrogen-related 
vibrational  mode  as  depicted  in  Table  5.2.  Taking  all  this  into  consideration,  one  can 
reasonably  assume  that  hydrogen  involvement  as  the  origin  of  PL  in  sp-Si  can  most  probably 
ruled  out. 

Tamura  et  al  [Tam94]  suggested  silanol  (Si-OH)  related  luminescence  from  oxidized 
to  about  350®C  after  which  it  decreases  strongly  at  higher  temperature.  This  closely 


sphere.  Sp-Si  maintains  in 


Sp-Si  as  well  as  AEPS  display  OH  stretching  vibrational  modes  (3400-3580  cm'1) 
as  shown  in  Fig.  4.35.  A decrease  of  these  vibrational  modes  is  observed,  however,  afler 
sp-Si  has  been  annealed  at  900°C  for  3 hrs,  at  which,  temperature  PL  is  still  present.  Further, 
Si  which  has  been  spark  processed  in  a ultra  high  purity  nitrogen  atmosphere  does  not  show 
any  OH  stretching  vibrations.  Still,  PL  in  these  samples  is  observed.  It  is  further  observed 
that  green-luminescing  sp-Si  exhibits  a PL  intensity  increase  at  temperature  at  which  a 
decrease  of  OH  is  expected,  as  shown  in  Fig,  4.16.  All  taken,  silanol  is  likely  not  involved 

Siloxene  (Si,.0,H,)  has  been  also  suggested  as  the  origin  of  PL  from  AEPS  due  to  its 

degradation  of  PL  compared  to  that  of  AEPS.  Both  AEPS  and  siloxene  have  similar  FTIR 
spectra  and  Raman  spectra  [Fuc93].  In  contrast  to  this  sp-Si  and  siloxene  display  a number 
of  different  vibrational  mode  as  summarized  in  Table  5.3.  Further,  sp-Si  displays  relatively 
small  degradation  of  PL  under  UV  radiation  (Fig.  4. 14)  and  a fast  response  time  compared 
to  AEPS.  Thus,  siloxene  is  definitely  not  a possible  mechanism  by  which  PL  in  sp-Si  occurs. 

In  summary,  it  is  concluded  that  hydrogen-related  models,  which  are  strong 
contenders  for  the  origin  of  PL  in  AEPS  are  most  probably  no  mechanisms  by  which  PL  in 
sp-Si  occurs.  The  question  then  still  remains:  What  then? 


A possible  interpretations  for  PL  from  sp-Si  has  been  often  proposed  by  other  authors 


glasses  [WeySl,  Rin66], 
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However,  this  luminescence  was  always  traced  to  the  presence  of  impurities,  in  particular  to 
rare  earth  and  transition  metals,  or  to  Ge  [Hol69,  Coh57,  Tur66],  High  purity  synthetic 
materials  such  as  Coming  7940  or  Suprasil,  instead,  show  essentially  no  room  temperature 
fluorescence  in  the  spectral  range  of  interest  here  [Sig73,  Sta87]. 

If  the  PL  measurements  on  high-purity  SiO.  (crystalline  quartz  or  fused  silica)  are 
taken  instead  at  low  temperature,  photoluminescence  near  428  nm  (2.9  eV)  occurs  when 
excited  in  the  UV  near  295  nm  (4.2  eV)  [Sig73].  (The  latter  is  in  contrast  to  sp-Si  which  can 
be  excited  by  light  already  slightly  above  the  PL  energy.) 

The  PL  bands  at  1.9, 2.2, 2.7,  and  4.3  eV  from  a-SiO,  are  identified  when  7.9  eV 
excitation  is  used  [sta87].  The  decay  time  for  each  band  is  given  as  several  »s,  60-80  ms,  9. 5 
ms,  and  I ;<s  at  room  temperature,  respectively.  According  to  Stathis  and  Kastner,  the  blue 
PL  (2.7  eV)  of  crystalline  quartz  has  decay  time  of  50  ns. 

Skuya  et  al  [Sku78]  report  the  properties  of  radiation-induced  luminescence  centers 
from  high  purity  synthetic  silica  (coming  7940).  Neutron  irradiation  (10"  neutrons/cm1) 
induces  PL  bands  with  maxima  at  1.85, 2.3  and  4.4  eV,  which  arc  ascribed  to  non-bridging 
oxygen  atoms  in  a SiO,  network,  interstitial  0.\  and  oxygen  vacancies,  respectively.  The 
decay  time  of  these  bands  is  given  as  10  *«,  <50  ns,  and  <10  ns  at  room  temperature, 
respectively. 

A comparison  of  PL  spcctium  between  sp-Si  and  various  Si-0  related  compounds  are 
depicted  in  Fig.  4.23.  The  PL  intensities  of  all  these  substances  are  observed  to  be  more  than 
3 orders  of  magnitude  smaller  than  those  for  sp-Si  as  Fig.  4.23  clearly  demonstrates. 
Furthermore,  the  decay  time  for  sp-Si  is  very  fast  for  both,  blue  and  the  red  luminescence 
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region,  as  depicted  in  Fig,  4.20.  Therefore,  it  cannot  be  inferred  from  the  references  and  our 
experimental  results  that  room  temperature  photolumincscencc  in  sp-Si  has  its  primary  origin 

It  has  been  further  argued  that  PL  in  sp-Si  may  have  its  origin  from  impurities.  In 
order  to  investigate  this  possibility  we  conducted  SIMS  measurement  on  sp-Si.  We  have 
found  no  traces  of  impurities  above  the  detection  limit  of  the  instrument.  This  includes  W 
(from  the  tungsten  tip,  detection  limit  10”  cm"’)  and  carbon  (except  on  the  very  surface  which 

Si,  0,  and  trace  ofN  (10“  cm'’). 

5.2.3  Effective  mass  approximation  model  (quantum  dot  model) 

The  PL  of  sp-Si  may  have  its  origin  from  the  observed  nanocrystalline  Si  particles  or 
clusters  which  are  surrounded  by  a non-crystalline  matrix.  In  order  to  shed  some  light  on  this 
the  effective  mass  approximation  (EMA)  model  was  employed.  Quantum  size  effects  of 
excitons  in  semiconductor  microcrystals  have  been  the  subject  of  extensive  studies  in  recent 
years.  The  size  quantization  effect  is  most  directly  detected  as  a high  energy  shift  of  interband 
absorptions  or  as  luminescence  peaks  in  these  materials.  Optical  properties  of  systems  with 
an  insulating  matrix  containing  nanoncrystalline  semiconductor  have  been  theoretically 
investigated  by  fifros  and  fifros  [6ft82]  and  further  developed  (Bru84)  and  numerically 
refined  [Kay88], 


r,  d,  by: 
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where  Eg  is  the  bandgap  of  the  bulk,  m,'  and  t%"  are  elTeclive  masses  of  electrons  and  holes, 
respectively,  and  e is  the  relative  dielectric  constant  of  the  material.  The  second  term  in  eq. 
5. 1 represents  the  confinement  energy  of  electrons  and  holes,  whereas  the  third  and  forth 
terms  involve  the  Coulomb  interaction  and  the  exchange  energy,  respectively. 

The  predicted  increase  of  the  optical  gap  energies  for  Ge,  Si  and  GaAs  as  calculated 
with  5. 1 appear  as  wavelengths  in  Fig.  5.2.  From  this  semiquantitativc  approach  one  can 
deduce  that  the  small  effective  mass  of  carriers  in  Ge  cause  the  most  rapid  change  with 
decreasing  particle  diameters.  For  particle  sizes  below  10  nm  the  Ge  crystallites  are  thus 
expected  to  exhibit  a larger  blue  shift  than  GaAs  or  Si  nanocrystals.  As  a matter  of  fact,  this 
behavior  predicts  exactly  the  experimentally  observed  sequence  of  PL  peaks  as  displayed  in 
Fig.  4.22. 

The  PL  peak  wavelengths  of  the  sp-  semiconductors  taken  from  Fig.  4.22  were 
utilized  to  calculate  the  respective  particle  sizes.  In  Fig.  5.2  the  relevant  area  is  marked  by  a 
circle.  Making  use  of  the  EMA  model  the  nanocrystallite  sizes  are  found  to  range  between 
-3.5  nm  for  sp-Si  and  -5nm  for  sp-Ge.  The  particle  size  of  blue-luminescing  sp-Si  is  found 
to  be  between  2.5-3  nm  as  deduced  from  EMA  calculations.  It  should  be  particularly 
emphasized  that  these  values  are  virtually  identical  to  those  crystallite  diameters  obtained 


fromRa 


Although  it  is  not  intended  here  to  overestimate  the  validity  of 
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Fig.  5.2  Calculated  dependence  of  wavelength  for  optical  transition  vs. 
particle  size  for  Ge,  GaAs  and  Si  based  on  the  effective  mass 
approximation. 
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the  size  values  calculated  by  EMA,  the  trend  as  well  as  the  numerical  results  are  surprisingly 
consistent  with  the  PL  and  Raman  data 

A word  of  caution  should  be  added  here.  EMA  calculations  usually  predict  much 

gap  calculation  such  as  the  density-functional  approach  [Stc93]  and  the  semi-empirical  tight 
bonding  model  [Ren92], 

In  order  to  obtain  a more  realistic  EMA  calculation  for  small  crystal  sizes,  a 
modification  of  EMA  has  been  introduced.  The  dielectric  constant  (e),  in  Equation  (S.l),  is 

[Pen62]  and  was  further  developed  by  Tsu  and  Babic  [Tsu94].  The  size  dependence  e(d)  for 

e<d>-  l+tlO.S/Cl+Cl-OM^d)1]}  5,2 

A final  modified  EMA  equation  for  Si  is  achieved  by  inserting  Equation  5.2  into  Equation 

along  with  the  result  of  a more  rigorous  calculation  of  the  optical  gap  energy.  The  modified 
EMA  (solid  line)  is  essentially  same  as  unmodified  EMA  (dotted  line)  except  for  a relatively 

mechanism,  not  known  at  this  present  might  be  discovered  in  the  near  future  which  interprets 
our  results  in  a somewhat  different  light. 


139 


Diameter  (nm) 


Fig.  5.3  Comparison  between  a modified  effective  mass  approximation  model 
(BMA)  (solid  line)  and  an  unmodified  EMA  (dotted  line)  for  Si.  The 
triangles  [Ste92],  squares  [pro92],  and  circles  [Ren92]  are  calculated 
optical  transitions  for  Si  quantum  dots  from  the  literature. 
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5.3  Future  Work 

Future  work  need  to  spread  in  at  least  two  directions. 

First,  an  even  more  systematic  study  of  photoluminescecne  is  of  utmost  necessity 
such  as  time-resolved  PL,  low  temperature  PL  measurement,  and  PL  with  excitation  energy 
changes  under  otherwise  identical  experimental  conditions.  The  time-resolved  PL  can  lead  to 
a precise  decay  dynamics  in  various  luminescing  material  and  sp-Si.  The  low  temperature  PL 
measurement  may  provide  the  supplemental  information  about  exciton  related  luminescence 
if  the  quantum  dot  model  should  proved  to  be  applicable  to  sp-Si. 

The  size,  and  distribution  of  nanocrystalline  Si  needs  to  be  studied  thoroughly, 
especially,  for  sp-Si  which  displays  different  PL  peaks.  One  possible  approach  to  this  would 

crystal  size.  However,  according  to  Vcprek  at  al  [Vep93],  in  order  to  obtain  a signal  from  a 
small  volume  fraction  of  nanocrystals,  it  needs  to  collect  data  for  more  than  I week  in  order 
to  obtain  signal  above  the  background  noise  level. 

Secondly,  device  application  of  sp-Si  such  as  electroluminescence  (EL)  would  be  a 
future  goal  to  approach.  Recently,  some  improvement  of  EL  from  conducting  polymer  film 
contact  to  AEPS  has  been  reported  [U94],  However,  the  EL  efficiency  is  still  low  between 
10*-lO*.  The  EL  of  the  sp-Si  may  be  possible  if  the  surrounding  matrix  would  be  conductive 
in  order  to  inject  current  to  the  nanocrystals. 


CHAPTER  6 
CONCLUSIONS 


The  photoluminescencc  of  anodically  etched  porous  silicon  has  been  extensively 
studied  in  recent  years  since  the  discovery  of  room  temperature  visible  PL  from  this  material. 
The  large  surface  area,  complex  microstmcture  and  'wet*  anodic  etching  process  complicates 
processing,  applications  and  understanding  of  this  phenomenon.  The  present  study  has  shown 
for  the  first  time  that  an  alternate  'dry'  method,  namely,  spark-processing,  is  also  capable  of 

observed  for  porous  silicon.  However,  some  technologically  important  differences  between 
sp-Si  and  anodically  etched  porous  silicon  exist.  In  particular,  a strong  blue  (-410  nm) 
photoluminescencc  whose  quantum  efficiency  is  comparable  to  the  red  photoluminescencc 
of  AEPS  is  obtained  from  air-cooled  sp-Si.  This  is  the  "bluest"  PL  involving  Si  ever  observed. 
The  PL  intensity  of  blue  sp-Si  is  about  three  orders  of  magnitude  better  than  that  of  rapid 
thermal  annealed  blue  (-460  nm)  luminescing  AEPS.  The  PL  intensity  of  sp-Si  remains  stable 
(a 95%  of  its  original  intensity),  whereas  the  PL  intensity  of  AEPS  decreases  substantially 
(sS%  of  its  original  intensity)  after  5 min  of  UV  laser  exposure.  The  photoluminescence 
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The  present  study  has  discussed  further  interesting  properties  for  sp-Si  as  summarized 

below. 

directionality,  whereas  no  directionality  is  produced  by  a bipolar  spark  process.  Specifically, 
no  PL  was  observed  when  Si  was  biased  positively  for  unipolar  spark-process.) 

2)  The  PL  maxima  of  sp-Si  seem  to  be  dependent  on  the  temperature  at  which  the  spark 
processing  has  been  conducted.  Specifically,  air-cooled  in  contrast  to  ambient  processed  sp- 
Si  lead  to  PL  peak  maximum  at  410  nm  and  525  nm,  respectively  under  He-Cd  UV  laser 

3)  The  excitation  wavelength  has  a definite  influence  on  the  PL  spectra  of  sp-Si.  It  is  observed 
that  the  higher  an  excitation  energy  is  applied,  the  larger  the  peak  energy  becomes.  The  PL 
peak  wavelength  eventually  approaches  a saturation  value  which  is  reached  for  the  'green' 
samples  at  somewhat  lower  energies  than  for  the  blue  samples. 

4)  Sp-Si  possesses  a thermal  stability  with  respect  to  its  PL  intensity  when  annealed  in 
nitrogen  up  to  900°C  (blue  sample).  Green  luminescing  sp-Si  shows  an  increase  of  the  PL 

5)  Strong,  viable  room  temperature  PL  can  be  also  obtained  from  other  semiconductors  such 
as  Ge,  GaAs  and  SiC,  etc. 

6)  The  PL  intensity  of  sp-Si  is  at  least  three  orders  of  magnitude  larger  than  that  for 
stoichiometric  or  non-stoichiometric  Si-0  compounds. 

7)  We  have  observed  a strong  blue  glow  discharge  emission  in  sp-Si  when  several  hundred 
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volts  DC  are  applied  between  the  Si  substrate  and  the  sparked  area. 

8)  The  blue  sample  displays  a linear  red-shill  up  to  I hr  etching  time,  after  which  the  red-shift 

9)  The  vibrational  spectra  for  sp-Si  as  measured  with  FTIR  favor  those  modes  which  involve 
silicon-oxygen  vibrations,  whereas  FTIR  spectra  of  AEPS  additionally  show  some  hydrogen- 

photoluminescing  Si  compared  to  "green"  samples. 

1 1)  TEM  studies  of  sp-Si  indicates  that  Si  nanocrystallites  are  surrounded  by  a non-crystalline 

The  properties  from  sp-Si  arc  examined  in  the  light  of  existing  PL  theories  involving 
Si-O,  Si-OH  (silanol),  SiH,,  siloxene,  hydrogenated  amorphous  Si  and  a quantum  confinement 
model  involving  the  effective  mass  approximation  (EMA).  The  most  plausible  interpretation 
of  a results  at  this  time  involves  Si  nanoctystals  (or  Si  clusters)  which  are  embedded  in  a non- 
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